
\-

(NASA-CR-120255) ALTERNATE CONCEPTS STUDY

£XTENSION. VOLU_E 2: CONCEPT ANALYSIS

AND DEFINITION. PA_T 3: SRM BOOSTERS

Final _eport (Lockheed Missiles and Space
Co.) 107 p

AC :.,

_C/99

N7_,-75493 L ...............

Unclas

15895

I

[.. _-, . _ -,



15 Nov 1971 .

D

D

m

"k

Final Report

ALTERNATE CONCEPTS STUDY
- EXTENSION

Volume FI

PART 3: SRM BOOSTERS

Contract NAS 8-26362

Prepared for George C. Marshall Space Flight Center By
Manned Space Programs, Space Systems Division

LOCKHEED
SUNNYVALE

MISSILES & SPACE COMPANY

CALIFORNIA

LMSC-A995931
ACS-201 *:_



FOREWORD •

LMSC-A995931

Vol H, Pt 3

Thi_ is the final report of a four-month extension of the Phase A Study of Alternate

Space Shuttle Concepts (NAS 8-26362) by the Lockheed Missiles & Space Company

(LMSC) for the National Aeronautics and Space Administration, George C. Marshall

Space Flight Center (MSFC). This study extension, which began on 1 July 1971,

was to study two-and-one-half stage, stage-and-one-half, and SRM interim booster

systems for the purpose of establishing feasibility, performance, costs, and schedules

for these system concepts.

q

The final report consists of three volumes (6 books) as follows:

Volume I - Executive Summary

Volume II - - Concept Analysis and Definition

Part 1 - O4OA System

Part 2 - One-and-One-Half Stage System

Part 3 - SRM Booster

Part 4 - Avionics

Volume In - Cost Analysis

"k

iii

LOCKHEED MISSILES & SPACE COMPANY



J
r_

i

H

,U
g

m

B

H

|

g

|

g

|

a

Section

LMSC-A995931

Vol II, Pt 3

CONTENTS

s

FOREWORD

ILLUSTRATIONS

TABLES

INTRODUCTION

1.1 Solid Rocket Booster Task Objectives and
Approach

1.2 SRM Study Approach

1.3 Stage Subsystems Approach

1.4 System Effectiveness Analysis

RE FERENCES - SECTION 1

SOLID ROCKET MOTOR CHARACTERISTICS

2.1 Motor Characteristics for the Interim SRM

Booster Configurations

2.1.1 Source of Motor Design Data

2.1.2 Normalizing and Averaging of Design Data

2.1.3 Description of Motors Selected for Final
Interim SRM Booster Configm'ation

2.2 Parametric Design Data From Subcontractor
Studies

2.2.1 Description of Study Subcontracts to the
Propulsion Companies

2.2.2 Evaluation of Interi_n Submittals of
Parametric Design Data

2.2.3 Subcontractor Final Reports

2.3 Effect of MEOP and Expansion Ratio on Booster
Performance

2.4 SRM Design Data Conclusions

2.4.1 SRM Subcontractor Studies

2.4.2 Interim Booster SRM Characteristics

RE FERENCES - SECTION 2

Page

o..
111

ix

xi

1-1

1-1

1-3

1-5

1-6

1-6

2-1

2-1

2-1

2-5

2-6

2 -10

2-10

2 -13

2 -15

2-20

2-23

2 -23

2-23

2-25

v

LOCKHEED MISSILES & SPACE COMPANY



Section

3

LMSC-A995931

Vol II, Pt 3

SOLID ROCKET MOTOR COSTS

3.1 Comparison of Subcontractor Cost Data

3.1.1 Cost Study Groundrules

3.1.2 Analysis of Interim Data

3.2 Cost Projections for Interim SRM Booster Motors

3.3 Cost Data Uncertainties

3.4 Conclusions

BOOSTER STAGE CONFIGURATIONS

4.1 Configuration Selection

4.1.1 Initial Selection

4.1.2 Interim Booster Design Analysis

4.1.3 SRM Final Configuration Booster

4.2 Stage Design/Analysis Studies

4.2.1 Boost Phase Abort Considerations

4.2,2 -Nozzle Actuation System

4.2.3 Thrust Termination Transient Loads

4.2.4 Thrust Termination Port Plume
Characteristics

4.2.5 Interstage Structural Analysis

4.2.6 SRM-Stage Mallrating Requirements

4.3 Stage Subsystem Design

4.3.1 Stage Design and System Integration

4.3.2 Structures

4.3.3 Thrust Vector Control Actuation

Subsystem

4.3.4 Thermal Protection Subsystem

4.3.5 Separation Subsystem

4.3.6 Thrust Termination Subsystem

4.3.7 Electric Electronic, and Instrumentation
Subsystem

4.3.8 SRM Subsystem

4.4 SRM Stage Design Results and Conclusions

REFERENCES - SECTION 4

Page

3-1

3-1

3-1

3-2

3-9

3-10

3-11

4-1

4-1

4-2

4-3

4-7

4-8

4-8

4-8

4-10

4-10

4-11

4-11

4-12

4-16

4-16

4-16

4-17

4-17

4-18

4-19

4-19

4-21

4-23

vi

LOCKHEED MISSILES & SPACE COMPANY

0

|

|

g

.g

g
G

U

D

0

G

g

U

g

H

g

0



i

I

m

|.

m

Section

5

Appendix

A

PROGRAM ALTERNATIVES SUMMARY

5.1

5.2

5.3

5.4

5.5

Flight Qualification Program

Interim Expendable Booster Program

Projected Optimum SRM Booster

Program Risk Evaluation

Conclusions and Recommendations

SRM BOOSTER DEMONSTRATION FLIGHT
UTILIZING THE S-IVB STAGE

vii " " •

LOCKHEED MISSILES & SPACE COMPANY

LMSC-A995931

Vol H, Pt 3

Page

5-1

5-1

5-4

5-5

5-11

5 =12'

A-1



(

j.

Figure
1-1

I-2
1-3

2-1

_ 2-2

2-3

2-4

_ 2-5

2-6

2-7

2-8

_ 2-9

2-102-11

2-12

2-13

2-14

I 3-1

3-2

_ 3-3
3-4

LMSC-A995931

Vol II, t)t 3

ILLUSTRATIONS

SRM-Stage Activities

Configuration 5B SRM Booster

SRM Subcontractor Studies

SRM Specific Impulse Comparison

Motor Thrust-Time Profile

Data Comparison
1000 MEOP

Data Comparison
1000 MEOP

Data Comparison
1000 MEOP

for 120-in. Diameter Motors With

for'156-in. Diameter Motors With

for 260-in. Diameter Motors With

Data Comparison for-120-in. Diameter Motors With
800 and 1200 MEOP

Data Comparison for 156-in. Diameter Motors With
800 and 1200 MEOP

Data Comparison for 260-in. Diameter Motors With
800 and 1200 MEOP

Effect of MEOP on Mass Fraction, 135 sec., Moderate
Regressivity

156-in. Diameter SRM Characteristics

Effect of MEOP on Motor Weights

Typical Altitude-Time History for Interim SRM Booster

Effect of Nozzle Expansion Ratio

Baseline 156-in. SRM Performance Comparison

Contractor SRM Cost Comparison Summary

Cost Comparison of 120-in. Diameter Motors at 1000 MEOP

Cost Comparison of 156-in. Diameter Motors for 1000 MEOP

Cost Comparison of 156-in. Diameter Motors for 800 and
1200 MEOP

Page

1-2

1-4

1-4

2-6

2-6

2-16

2-16

2-17

2-17

2-18

2-18

2-19

2-19

2-21

2-21

2-22

2-22

3-4

3-5

3-6

3'7

ix

LOCKHEED MISSILES & SPACE COMPANY



LMSC-A99593I

Vol II, Pt 3

Figure

3-5

3-6

4-1

4-2

4-3

4-4

4-5

4-6

4-7

4-8

4-9

4-10

4-11

5-1

ILLUSTRATIONS (Cont)

Cost Comparison of 260-in. Diameter Motors for 800 and
1200 MEOP

Cost Comparison of 156-in. Baseline SRM

Success Probability of Solid Rocket Motor Booster System

Selection of Interim Booster Configuration

Launch Vehicle Configuration 5B

Abort Modes During Interim Booster Ascent

Blowdown System Schematics

Alternate Nozzle Actuation Concepts Comparison

SRM-Stage Manrating Requirements

Alternate SRM Booster Stage Inert Weight Breakdown

SRM Booster Stage Inert Weight

SRM Stage Weights and Costs

Recap of SRM Studies

K_R_ Boostcr Rccovery Concept

Page

3-8

3-9

4-3

4-4

4-5

4-9

4-9

4-10

4-12

4-14

4-15

4-20

4-20

5-10

X "

LOCKHEED MISSILES & SPACE COMPANY



D

D

LMSC-A995931

Vol H, Pt 3

Table

2-1

2-2

2-3

2-4

2-5

2-6

2-7

2-8

3-1

3-2

5-1

5-2

5-3

5-4

5-5

5-6

5-7

5-8

TABLES

Summary of Propulsion Company Motor Data, 12 August 1971

Comparison of Major Component Inert Weights

SRM Performance Characteristics of Interim

Booster Configuration

SRM Dimensions and Weights of Interim Booster

Configurations

Specified Design Groundrules

SRM Contractor Design Data Response

Maximum Allowable Expansion Ratios

SRM Performance Characteristics Comparison

Parametric Cost Data Response

SRM Cost vs Design Tradeoffs

SRM-Stage Ground Test Program

SRM-Stage Flight Demonstration Program

SRM Booster Program Costs

SRM-Booster Cost-Effectiveness Potentials

Recovery and Refurbishment Potentials

Potential Recoverable SRM-Booster Program Costs

SRM Booster Study Conclusions

SRM Booster Candidate Optimization Tasks

Page

2-3

2-4

2-8

2-9

2-11

2-12
~

2-12

2-14

3-3

3-10

5-2

5-3

5-4

5-8

5-8

5-10

5-12

5-14

xi

LOCKHEED MISSILES & sPACE COMPANY



LMSC-A995931

Vol H, Pt3

Section 1

INTRODUCTION

1.1 SOLID ROCKET BOOSTER TASK OBJECTIVES AND APPROACH

]

]

]

]

As defined in the contract statement of work and the study plan (Ref. 1-1) the broad

objective of the Alternate Concepts Study was to consider configuration and programming

options which would lower peak annual funding requirements.

As program redirections occurred, specific study objectives were somewhat modified,

though in a broad sense they ren_ained relativeiy unchanged in principle. Specific

objectives applicable to the SRM booster task, as stated in the Study Plan were.

• Establish an optimum interim expendable solid rocket booster concept

@

o

DetermL, m tecbmical'risks involved

Determine safety and mission success probabiiities

Determine an optimal flight test approach

]

]

]

|

Subsequent redirections impacted these objectives in that the booster philosophy was

inclining toward elimination of interim configurations, and that expendable solids

were considered unlikely, candidates for final booster configurations. Accordingly,

the level-of-effort on SRM boosters was severely reduced during the last half of the

study period.

The retrenchment of interest in the solids, however, was offset by the following three

factors which came to a focus in the last half of the study:

• Performance capabilities of SILM boosters improved and estimated costs

decreased as detail design and costing tasks were completed.

• Performance and Cost uncertainties and program risks proved to be less

than anticipated earlier for the SRM boosters.

LOCKHEED MISSILES & SPACE COMPANY
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The two foregoing considerations for the prime booster candidates

appeared to be become more questionable or uncertain as the detail

studies progressed.

Accordingly, although operating at a comparatively limited level of study, the activities

were partially reoriented to provide some indication of SRM booster capabilities in the

context of a single-booster (no interim) program approach.

This volume of the final report was therefore assembled to emphasize the solid rocket

booster potentials in the context of a single booster program. Data are shown as

developed for the interim program, where such data are applicable (or can be converted

to be) to the single booster concept. Time and budget available, however, permitted

only cursory comparative examination with other competing candidates.

After completion of the initial sizing studies a baseline SRM-stage configuration,

consisting of a single-stage SRM booster with four 156-in. dia. solid rocket motors

(SRM), was selected. The subsequent activities are summarized in Fig. 1-1 and

co_-,sistedof three activitygroupings: _ij_,I_ of a_,_,

and cost estimates, (2)preliminary design and cost estimates for the stage subsystems,

and (3) analysis of the system potentials based on projections from the present studies.

SOLIDROCKErMOTORS(SRMsl

't

• PERFORMANCEDATACOMPARISONS

• COSTDATAcoMPARISONS

• SUBCONTRACTORSTUDY- DATA
CRITIQUES

• DOCUMENTATIONOFSUBCONTRACTOR
STUDIES

SRMSTAGES

• STAGEWEIGHTSANDCOSTS

• SRMSTAGEMANRATING
REQUIREMENTS

• RECOVERYANDREFURBISHMENT
POTENTIALS

• PROGRAMCOSTS

Fig.

SRM BOOSTERSYSTEMSTUDIES

• SRM BOOSTERCOST-EFFECTIVENESSPOTENTIALS

• SYSTEMUN_RTAINTYAREAS

• FUTURESTUDYNEEDSFORSRM BOOSTERS

1-1 SRM-Stage Activities

1-2
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Since the level of effort on SRM boosters was reduced after the midterm briefing

(by NASA direction), the study activity was based on extension of the original work

completed. Therefore, the data presented herein do not conform with the latest

groundrules for the remainder of the study. Except for some work presented in

regard to future potentials for an SRM booster which is employed as a final operational

booster, the work represented presumes utilization of the SRM as an interim booster

for 12 operational launches.

The baseline SRM booster selected was the Configuration 5B (shown in Fig. 1-2),

which consists of a cluster of solid rocket motors (SRMs) serving as Stage 1, with

a tandem-mounted hydrogen/oxygen tank to which is attached the orbiter vehicle.

The single SRM booster stage was studied both in a four-motor configuration and in

a three-motor configuration, each providing the same value of delta-V and each

utilizing the same total amount of lJropellant (at 3.6 Ibm). Most of the design

analysis was performed on the four-motor configuration.

The three-motor configuration offers several advantages which came to light later in

the study. This configuration provides a reduced recurring cost with a slightly

increased nonrecurring cost. Also, it provides a better configuration orientation

for the thrust termination ports.

I. 2 SRM STUDY APPROACH

]

t

1

I

1

]

For the prime subsystem in an SRM booster, namely the solid rocket motors (SRM),

it was decided that the objectives outlined in the previous section would be accom-

plished best by formally introducing the experience of SRM contractors. The bulk of

the large solid motor technology has been collectively developed by four major pro-

pulsion companies. A working relationship was established and maintained throughout

this study to ensure that the SRM data being used were current and valid, and

represented the judgment of the most knowledgeable sources. The four companies

were fimded the latter part of August to generate and provide to this study specific

design and cost parametric data that could be used to establish realistic SRM motor

designs and the respective development and recurring costs. Figure 1-3 provides an

outline of these subcontract efforts. The statement of work for these studies is con-

tained in Ref. 1-2.

1-3
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Since the level of effort on SRM boosters was reduced after the midterm briefing

(by NASA direction), the study activity was based on extension of the original work

completed. Therefore, the data presented herein do not conform with the latest

groundl_des for the remainder of the study. Except for some work presented in

regard to future potentials for an SRM booster which is employed as a final operational

booster, the work represented presumes utilization of the SRM as an interim booster

for 12 operational launches.

The baseline SRM booster selected was the Configuration 5B (shown in Fig. 1-2),

which consists of a cluster of solid rocket motors (SRMs) serving as Stage 1, with

a tandem-mounted hydrogen/oxygen tank to which is attached the orbiter vehicle.

The single SRM booster stage was studied both in a four-motor configuration and in

a three-motor configuration, each providing the same value of delta-V and each

utilizing the same total amount of propellant (at 3.6 Ibm). Most of the design

analysis was performed on the four-motor configuration.

The three-motor configuration offers several advantages which came to light later in

the study. This configuration provides a reduced recurring cost with a slightly

increased nonrecurring cost. Also, it provides a better configuration orientation

for the thrust termination ports.

I. 2 SRM STUDY APPROACH

For the prime subsystem in an SRM booster, namely the solid rocket motors (SRM),

it was decided that the objectives outlined in the previous section would be accom-

plished best by formally introducing the experience of SRM contractors. The bulk of

the large solid motor technology has been collectively developed by four major pro-

pulsion companies. A working relationship was established and maintained throughout

this study to ensure that the SRM data being used were current and valid, and

represented the judgment of the most lmowledgeable sources. The four companies

were funded the latter part of August to generate and provide to this study specific

design ,and cost parametric data that could be used to establish realistic SRM motor

desiglls and the respective development and recurring costs. Figure 1-3 provides an

outline of these subcontract efforts. The statement of work for these studies is con-

tained in I_ef. 1-2.

1-3
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Preliminary submittals of data were received, analyzed, and integrated into the LMSC

study effort. Final reports from the SRM contractors are being included as reference

documents to this report. Engineering memorandums have been prepared which pre-

sent and evaluate the contractor data submittals in some detail.

A primary goal of the four subcontract studies was to reduce uncertainty ranges on

both performance and cost parameters and thereby increase the confidence in the

maturity of SRM state-of-the-art. Accordingly, the studies were deliberately designed

to partially overlap and provide cross-check verification of performance and cost

consistency in the industry. By formulating the studies in terms of system-related

tradeoff parameters," the SRM data are usable to configure and price virtually any

large SRM needed for any space shuttle candidate system. The studies also provided

input information to allow a rational formulation of SRM booster man-rating desig_

criteria which at least qualitatively optimized safety and mission-success dictates as

opposed to program costs. The results of the SRM design, performance, and cost

studies are presented in sections 2 and 3.

1.3 STAGE SUBSYSTEMS APPROACH

Preliminary designs of the baseline vehicle stage subsystems were formulated, taking

into consideration the primary system constraints, design conditions, and configura-

t-ion arrangements. Potentially governing problem areas were analyzed with the

purpose of generating data for use in trade studies to determine cost-effective design

decisions. Concurrent with the stage configuration preliminary design and the SRM

subcontractor studies updated man-rating design criteria were synthesized for SRM

booster systems.

The stage subsystems were each preliminarily defined in the _ninimum detail necessary

to determine crude estimates of weight. The weights were used, in conjunction with

some historical data from Minuteman, Poseidon, and Titan SRM stage programs, to

arrive at initial estimates of subsystem development and production costs. A second

design analysis iteration was then accomplished to provide higher confidence weight

1-5
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I and cost estimates, which provide the basis for reasonably confident SRM stage

design and program cost projections. The projectionsderived are conservative

when compared with Titan HI C/D SRM stage experience. Section 4 provides a

summary of the stage subsystem studies.

1.4 SYSTEM EFFECTIVENESS ANALYSIS

The SRM and stage subsystem characteristics and costs were then analyzed from the

point of view of optimizing total space shuttle program cost effectiveness. Also, the

usefulness of SRM boosters in achieving the prime goal of lowering peak annual funding

requirements was partially evaluated. This analysis necessitated the assembly of

reasonably valid SRM booster program development plans which were consistent with

compatible orbiter program concepts, and reflected proper treatment of the man-

rating criteria being crystallized.

The system effectiveness analyses are summarized in Section 5. Also included

therein is a review of system performance and cost uncertainties, so that SRM

booster system technical and cost risks could be appraised.

REFERENCES

1-1

1-2

Lockheed Missiles & Space Compnay, Study Plan for Extension of Alternate

Space Shuttle Concepts for Contract NAS 8-26362, LMSC-A990581D,

30 June 1971

Lockheed Missiles & Space Company, Engineering Memorandum LH-08-02-M1,

Statement of Work for SRM Contractors, 3 September 1971

1-6
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Section 2

SOLID ROCKET MOTOR CHARACTERISTICS

The bulk of the large solid motor technology has been developed by four major pro-

pulsion companies. A working relationship was established and maintained with these

companies throughout this study to ensure that the SRM data being used were current

and valid and represented the judgement of the most !mowledgeable sources. The four

companies were funded over the last half of this program to generate and provide to

this study specific design and cost parametric data that could be used to establish

realistic SRM motor designs and their respective development and recurring costs.

A primary goal of the four subcontract studies was to reduce tmcertainty raDges on

both performance and cost parameters and, thereby, increase the confidence in the

maturity of SRM state-of-the-art.

2.! MOTOR CHARACTEPJSTICS FOR THE ._'_,,o,_,o_, _. _ ._

2.1.1 Source of Motor Design Data

B

g

g

At the beginning of the Interim Booster Study, requests for SRM data from in-house

and contracted studies on large solid motors from 120 in. to 260 in. diameter were

sent to the four propulsion companies who have been active in large solid rocket

developments. These were: (1) Aerojet General Corporation which has performed

the bulk of the exploratory development effort on the 260 in. diameter motors,

including three test firings; (2) Lockheed Propulsion Company and (3) Thiokol

Chemical Corporation, which have conducted the development efforts on the 156 in.

diameter motors including 9 full-scale firings; and (4) the United Technology

Corporation, which developed and is producing 120 in. diameter segmented-case

motors for the TITAN III C/D. UTC has fired a total of 15 full-scale motors in the

development and PFRT program for the operational 5-segment motors, and has

2-1
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produced 82 motors to date with additional production being negotiated. In addition,

they have fired 4 full-scale motors in a 7-segment motor development program.

The data obtained from these companies were used to establish initial values of motor

mass fractions (propellant weight divided by total motor weight), specific impulses

and motor lengths for use in the initial synthesis and analysis of candidate space

shuttle vehicle configurations.

The second cycle proceeded from the results of the initial vehicle configuration

studies in which five configurations were selected as candidates for further study.

The preliminary SRM requirements for these configurations were then sent to the

propulsion companies with requests for preliminary designs or evaluations of motors

to fulfill the requirements (Ref. 2-1). For each configuration, the rocket motor 4

requirements were identified as to number of motors, propellant loads, maximum

thrusts, burn times, and thrust vs. time shape. The five configurations included

three single-stage booster configurations using 120, 156 and 260 in. diameter motors,

and two double-stage booster configurations using the 120 and i56 in. diameter motors.

Responses were received during the second month of this study from three of the

companies with newly generated point design data for the various configurations.

Table 2-1 presents a summary of these data along with the LMSC-specified require-

ments for each of the 7 motors representing the 5 booster configurations. As might

have been anticipated, there was good agreement on delivered specific impulse.

However, a comparison of the mass fraction values showed considerable disparity.

Some of the differences were due to different design values used by the companies for

MEOP, port-to-throat area ratios and maximum structural design stress as noted in

Table 2-L Company B's mass fraction values were adjusted to the same MEOP and

design stress as used by the other two, but significant differences still remained.

To examine this problem further, the inert weights of the major motor components

were compared in Table 2-2. Comparison of these data show that companies C & D

were in close agreement. Company B's weights, even after applying corrections to

base the weights on the same MEOP ,and design stress as C & D, were generally lighter.

2-2
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Closest agreement was in the inert weight of cases with corrected values ranging from

agreement with C & D values to about 20 percent lighter. Significant disagreement

occurred for nozzle, seal, and actuator weights with Company B's values running

20 to 35 percent lighter. A gross disagreement occurs in the case of insulation

weights with Company B's values running a factor of 3 to 6 times lighter. Discussions

with the propulsion companies regarding the insulation calculations evoked responses

froin Companies C & D that their values were conservative and from Company B that

theirs was optimistic. Since the insulation weight represents something less than

2 percent of the total motor weight, further investigation was not pursued.

2.1.2 Normalizing and Averaging of Design Data

A study was made to correlate and parametrically relate the point design motor data

received from the propulsion companies. Parametric curves were established for

overall rocket motor length, case weights, insulation weights, and nozzle assembly

weights as a function of major design parameters. The derivation of these curves

is presented in Ref. 2-2.

Although the accuracy of the absolute wlues of the motors tbus characterized might

be questionable, the accuracy of the different size motors relative to each other was

quite adequate for the purpose of studying different booster configurations representing

different diameter motors, numbers of motors, one stage vs two stage, and booster

stage related variables.

Figure 2-1 presents the composite data on delivered vacuum specific impulse supplied

by the propulsion companies. Data from Companies A, B, and C represent a PBAN

(polybutadiene/aerylic acid/acrylonitrile) type propellant. This propellant is well char-

acterized and can be readily processed with an aluminum loading of 16 to 18 percent and

a total sSlids content of 84 to 86 percent. Company D based their data on a propellant

currently under development; namely, HTPB (hydroxyl-terminated polybutadiene). This

propellant has several advantages; the more significant ones include a possible higher

solids loading of 90 to 92 percent, giving an increase in density of about 4 percent with-

out sacrificbxg processability, and a potential lower cost. (A discussion of the charac-

teristics and technological status of HTPB is presented in Reference 2-2.) For this

study, the well-developed PBAN propellant was selected. The dashed line in Fig. 2-1

represents the delivered vacuum specific impulse values that were assumed.
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Description of Motors Selected for Final Interim SRM Booster Cor_figuration

The Interim SRM Booster Configuration studies identified five candidate configurations.

Configurations 5A and 5D were based on 120 in. diameter motors; Configurations 5,

5B (with 2 motor cluster versions}, and 5C used the 156 in. diameter motors. Booster

propulsion requirements were specified as to total propellant load, maximum total

thrust, number of motors per stage, and thrust vs time shaping for a single-stage

booster and for each stage of a two-stage booster. Figure 2-2 presents the required

thrust vs time profiles which were determined to limit maximum dynamic pressure

and maximum acceleration during booster operation.
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In determining motor designs to fulfill these requirem_ts, design criteria and con-

straints, based on information from the propulsion companies and from previous

studies, were imposed as follows:

(1) A maximum aft chamber stagnation pressure (and MEOP) was selected

to permit an expansion ratio of about 10 without the nozzle exit exceeding

the motor case diameter.

(2) A minimum grain port-to-throat area for 156 in. diameter motors of 1.3

for MEOPs of 950 psi, and 1.5 for MEOPs of 1200 psi. For 120 in.

diameter motors, a web thickness to motor case radius of 0.6, which

corresponds to the current production tooling, was used.

(3) PBAN-type propellant with a 16 percent aluminum and an 85 percent

solids loading and an average density of 0.064 lb/cu in. Delivered

vacuum specific impulse was as depicted in Fig. 2-1. Minimum and

maximum grain burn rates at 1000 psia were 0.30 and 0.70 in. per sec,

respectively.

o

(4) An ultimate work"-g stress of 200,000 psi for the case and nozzle

structural material. This is obtainable with D6ac sLeel, the material

used in the TITAN TTI C/D solid rocket motors, and is also readily

obtainable with 18 percent nickel maraging steels while maintaining

good impact properties.

(5) Asbestos/silica filled Buna-n rubber for case insulation and conventional

carbon phenolic and silica phenolic tape wrap for nozzle insulation.

(6) A safety factor of 1.25 on the ultimate working stress for structural

components, and a safety factor of 1.50 on insulation design.

Table 2:3 presents the propulsion requirements for the alternate Interim Boosters

and the calculated ballistic performance characteristics for the respective motor

designs. Table 2-4 presents the calculated dimensional and weight data for the motor

designs using the correlation design curves described in Section 2.1.2.
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These designs include a flexible bearing on the nozzle joint to permit thrust vector

control of _:8 deg. The TVC actuators and power supply are not_included in the motor

weights. The motor designs also include the capability for thrust termination.

However, the weight of the external thrust termination stacks are not included.

Other requirements imposed by the interim SRM booster configurations on motor

design were investigated by the propulsion companies and determined to be within the

known state-of-the-art of motor technology. These were requirements for nozzle cant

m_gles up to 20 deg, nozzle deflection angles up to _15 deg, and thrust termination

capability at any time during motor burn which would result in no or only slight

negative thrust.

2.2 PARAMETRIC DESIGN DATA FROM SUBCONTRACTOR STUDIES
7-

2.2.1 Description of Study Subcontracts to the Propulsion Companies

The third cycle of activity with the propulsion companies was formalized with sub-

contracts to each of the four participants (AGC, LPC, TCC, and UTC) with common

work statements to prepare parametric design and cost data which would reflect the

effects of design variables such as motor propellant weight, chamber MEOP, motor

burn time, thrust vs time, and several cost-related variables. The statement of

work is contained in Ref. 2-3. The design groundrules are summarized in Table 2-5.

The data generated by the four contractors were constrained to a consistent set of

design groundrules so that easy comparisons could be made. This effort was begun

the last week of August with final reports due just prior to completion of this study

phase (mid-November). Interim reports received during the course of these sub-

contractor studies resulted in preliminary presentations and comparisons of the data

reported in Ref. 2-4, and the critique of the data also provided in Ref. 2-5. The scope

of responses of the SRM contractors relative to the requested design parametrics is

shown in Table 2-6.
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Table 2-5

SPECIFIED DESIGN GROUNDRULES

Motor Diameter, In.

Motor Case L/D

Nozzle Exit Diameter, In.

TVC System

Max TVC Deflection, deg

Max Nozzle l_ate, deg/sec

MEOP, psi

Safety Factor

Case Structure (Ultimate)

Insulation

Nozzle Ablator

Fwd & Aft Skirt Length

Burn out Altitude, ft

i00 sec burn

135 see burn

Guaranteed Std. Specific Impulse, see

(sea level, 0 Deg half angle}

Please C/D Go-ahead

Manned Flight Qualification Date

120_ 156, 260

5.0to 10.0

Not to exceed motor dia.

Flexible Seal Nozzle

•_ I0

15

800, 1000, 1200

1.25

i, 50

1.50

20% of motor dia.

80,000

180,000

249

1 April 1972

v/78

LOCKHEED
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Table 2-6

SRM CONTRACTOR DESIGN DATA RESPONSE

(Based on Current Technology)

Motor Diameter

Contractor

A

B

C

D

120

Design
Data

Only

Yes

Yes

No

(in.)
J

156 260

Yes No

Yes Yes

Yes No

Yes Yes

Burn Time

(see)

100 135

156 in. Yes

Only

Yes Yes

Yes Yes

Yes Yes

MEOP

(psi)

800 1000

Yes Yes

Yes Yes

No Yes

Yes Yes

1200

Yes

Yes

No

Yes

Regressivity

Mod Min

Yes 156 in.

Only

(Used their
Standard

Regr .:ssivity)

Yes Yes

Yes Yes

Table 2-7

MAXIMUM ALLOWABLE EXPANSION RATIOS

Motor
Diameter

(in.)

120

156

26O

Contractor

A

mm

B o

I0.0

i0.0

i0.0

C

No Limit

No Limit

mu

D

D

17.0

9.0

"12 at 800 MEOP, 14 at 1000 MEOP, 16 at 1200 MEOP
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2.2.2 Evaluation of Interim Submittals of Parametric Design Data

Data generated by the four' contractors were in general responsive to the groundrules.

The only divergence of importance was in the selection of nozzle expansion ratios.

This deficiency is not critical, since it has second-order effect on mass fraction and

the performance could be easily corrected by LMSC fo.r those design points of interest.

The expansion ratios used by the contractors either corresponded to a nozzle'exit

diameter equal to the motor diameter, or to an arbitrary limitation at some expansion

ratio. Table 2-7 presents the maximum allowable expansion ratios assumed.

A sample comparison of the data submitted for a motor corresponding to the propellant

load requirements of vehicle configuration 5 (using a single-stage interim booster

with motor MEOP = 1000 psi) is shown in Table 2-8. The vacuum I comparison
sp

is based on an expansion ratio of 8.0. The values calculated by LMSC for the

interim booster configuration definition prior to receipt of the SRM contractor data

are shown in the last column for comparison purposes.

The differences between companies in data values for other motor design conditions

follow:

o Contractor B consistently showed the highest mass fractions and

Contractors C or D showed the lowest. The relatively large divergence

in the mass fraction values of Contractor B was due in part to their use

of a structural design stress of 220,000 psi compared to a nominal 200,000

psi used by the .other contractors. The reasons for the remainder of the

differences was not resolved. Detail design investigation at the next Lower

cSmponent level is required to determine the reasons for the divergence.

• Contractor D performance calculations were based on a contoured nozzle

and the recently developed propellant, HTPB, which is more energetic

than the PBAN-type propellants assumed by the others, which accounts

for this contractor's higher values of specific impulse. Other contractors

assumed a conical nozzle with a 17.5 deg divergence half angle.
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Table 2-8

SRM PERFORMANCE CHARACTERISTICS COMPARISON

Motor

Diameter

(in.)

120

156

260

120

156

260

Any

Propellant Weight

(lb.)

0.5 x 106

1.0

3.5

0.5 x 106

1.0

3.5

Any

A

0. 896

0. 904

12.1

11.5

265

Contractor

B C D LMSC

] I ]
MOTOR MASS FRACTIONS

0.916

0.918

0. 918

O. 880 --

O. 903 O. 902

-- O. 913

0.892

0.893

0.910

EXPANSION RATIO

I0.0

I
!
I

10.0 I
I

I

10.'0 I
!

I

Vacuum I
sp

11.9 im

I0.3 12.4
l

-- 9.0

I0.0

(sec) for e = 8

26412701 265

9.2

8.0
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The individual contractor inputs of mass fractions, expansion ratios, and specific

impulses are summarized in Ref. 2-4. Figures 2-3 through 2-9 are plots of the data

grouped according to motor sizes and design MEOPs.

Figures 2-3 through 2-5 compare the contractor data for an MEOP (maximum expected

operating pressure in the chamber) of 1000 psia for the three motors (120, 156, 260 in.

diameter). Differences in the mass fraction values between contractors are apparent;

differences in expansion ratios and specific impulses do not account for the mass

fraction differences. Figures 2-6 through 2-8 present similar comparisons, but for

MEOPs of 800 and 1200 psi. The differences between contractor data for the MEOPs

of 800 and 1200 psi are nearly identical to that for the MEOP of 1000 psi, so that little

or no study is required of the 800 and 1200 MEOP plots.

Figure 2-9 shows the effect of MEOP on mass fraction for a typical motor for each of

the three diameters. Excellent agreement between the contractors is observed.

Inspection of the curves also shows about a 0.01 mass fraction change for a 200 psi

change in MEOP. The vacuum specific impulse data that were submitted were essen-

tially.the same as obtained early in the study and which is presented in Figure 2-1.

2.2.3 Subcontractor Final Reports

Additional information in considerable detail on large solid rocket motor technology

and design parametrics and procedures is contained in each of the final reports pre-

pared by the four contractors (Refs. 2-6, 2-7, 2-8, and 2-9). Ballistic and physical

properties of the PBAN and HTPB type propellants are described and discussed. Physical

properties and fabrication considerations of structural steels are treated similarly.

Criteria for grain design and case and nozzle insulation design are presented. Data

and discussions are given on the design of TVC actuation and thrust termination

systems. In addition, several point design motors are described with weight break-

downs and dimensional and material listings.
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2.3 EFFECT OF MEOP AND EX'PANSION RATIO ON BOOSTER PERFOR_,{ANCE

An analysis was conducted to determine the effect of design MEOP and nozzle expansion

ratio on the design and performance of the motor for the interim booster. Using the

data from the Interim Reports submitted by the propulsion companies on the subcon-

tracted design and cost parametric studies, relationships were prepared showing the

effect of MEOP on motor mass fraction and motor performance. These relationships.

are shown in Fig. 2-10 for the condition that the nozzle exit diameter equals the motor

diameter. Computer sizing calculations were run to dete_cmine the effect on booster

liftoff weight (BLOW) of motors designed for MEOPs of 600, 800, 1,000 and 1,200 psia.

Studies were conducted on interim booster Configuration 5B with a single stage of

three and four 156 in. diameter motors and on Configuration 5 with a first stage of

two 156 in. diameter motors and a second stage of one motor. The results are shown

In Fig. 2-11. The MEOP for the 3-motor single-stage booster optimizes at about

750 psi, and for the 4-motor single-stage at about 700 psi. A much higher optimum

MEOP is indicated for the two-stage booster at about 1,050 psi. However, the principal

result of the analysis is that the effect of MEOP is very slight cn the total weight of the

motors or BLOW. An MEOP that is 200 psi off optimtun affects BLOW by only about

2-1/2 percent. These results agree with .conclusions from the Saturn 1B Improvement

Study (260 in. diameter SRM first stage) (Ref. 2-10) wherein the optimum MEOP was

determined to be 770 psi.

The analysis of the effect of expansion ratio was made for a single-stage booster. The

typical vehicle altitude-time trajectory for a single stage booster is shown in Fig. 2-12.

For this trajectory, the average delivered specific impulse was calculated for different

expansion ratios without regard to any maximum nozzle exit diameter limitation. The

results are shown in Fig. 2-13 for three MEOPs. Again, these results agree with con-

clusions from the Saturn 1B Improvement Study by Douglas; for example, at an MEOP

of 850 psi, the optimum expansion ratio is given as 12. The expansion ratios corre-

sponding to exit diameter limitations equal to motor diameter are noted on these curves

for 3- and 4-motor clusters. It can be observed that limiting the nozzle exit diameter

(hence expansion ratio) to the motor diameter for the 3-motor cluster will result in an

2-20
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appreciable penalty to the average specific impulse of about 2 sec for the MEOP of 800,

while the 4-motor cluster appears to be near optimum. For a typical single-stage

SRM booster, one sec of specific impulse is equivalent to about 40,000 lb of booster

liftoff weight. However, nozzle exit diameters larger than the motor diameter will

include penalties in greater weight of the nozzle extension cone and the motor aft

skirt and in added drag due to greater aft skirt flare. A more thorough and complete

study is required to truly determine the best expansion ratio.

2.4 SRM DESIGN DATA CONCLUSIONS

2.4. 1 SRM Subcontractor Studies

The SRM subcontractor studies have produced performance and design data on all

three sizes of large solid rockets i120, 156, and 260 in. diameters) that are generally

in remarkable agreement. Three of the subcontractors independently provided essen-

tially identical characteristics, allowing for a rather narrow band of variation due to

the absence of detailed specifications. One of the contractors provided appreciably

more optimistic mass fractions due in large part to use of st__.ctura! material w!+_h

higher tensile strengths. The study results indicate that the proven and available

state-of-the-art in SRM design technology can meet the propulsion requirements of

the space shuttle booster, with very low risk levels in achieving performance and

design goals.

2.4.2 Interim Booster SRM Characteristics

g
|

!

The results of the SRM subcontractor studies have shown that the motor characteristics

selected for use in the interim booster configuration studies are conservative. This

fact is displayed in Fig. 2-14, which is applicable to a single-stage booster consisting

of three or four 156 in. diameter motors. The mass fraction values may be con-

servative by as much as 0.01, and the specific impulse by two or three sec if large

expansion ratios can be used. In addition, the nominal MEOP of 950 to 1000 psi,

which was selected for the baseline motors, may be about 200 psi above the optimum

value which represents an additional conservatism in the LMSC interim booster study

results.
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For any future studies, these motor characteristics must be updated to represent

motor design MEOI_s and expansion ratios which are optimum from the standpoint of

minimizing booster liftoff weight. Figure2-10 is indicative of updated motor para-

metric characteristics that would be used for 156 in. diameter motors in a single-

stage booster where nozzle exit diameter is limited to motor diameter. In addition,

further investigation and consideration should be given to HTPB propellants which

are currently being developed for on-going programs in the Department of Defense.

This propellant shows further improvements to be obtained in motor specific impulse

and mass fraction which would result in additional lowering of the vehicle liftoff weight

and cost.
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Section 3

SOLID ROCKET MOTOR COSTS

3. I COMPARISON OF SUBCONTRACTOR COST DATA

_. i. 1 Cost Study Groundrules

i

Cost data for solid rocket motors (SRM) were prepared as part of the subcontracted

studies by Aerojet (AGC), Lockheed Propulsion (LPC), Thiokol (TCC), and United

Technology (UTC), in response to the Statement of Work (SOW) contained in Ref. 1%

Interim evaluation of the data was reported in Ref. 2*. Subcontractor final reports

were submitted on or before 15 Nov 1971. Design variables and cost groundrules,

':',ich were to be used in generating the data, are given in the SOW and are summarized

in Table 2-5 of Section 2.2.

_: a 9reliminary responses indicated several inconsistencies between the contractors in

the cost items included and the accounting methods for the various cost items. Addi-

tional instructions and clarifications were given to the contractors in order to have

costs presented on a consistent basis in their final reports and in the LMSC ACS final

report.

Thc _our contractors were instructed to generate their data in accordance with a set

_f g" _drules designed to facilitate the use of the data in space shuttle trade studies

and _:- _,alidate SRM costs. Parametric development and recurring cost plots were

reeuested_for a range of loaded propellant weights for specified values of motor design

MEOPs, burn times, and thrust-time shapes. In addition, development costs were

*References:

i. EM No. L4-08-02-M1, "Statement of Work for SRM Contractors,"

d.'_ted3 Sep 1971.

9 :_{ L4-08-02-M3, "Preliminary Evaluation of Cost Data From SRM Contractors,
•_}vted31 Oct 1971.
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requested for 8-motor and 12-motor development programs, and recurring costs for

a motor-delivery rate equivalent to 20 million and 40 million pounds of propellant per

year for three years. Other applicable groundrules were specified as follows:

Re Costs to include all elements of the motor except for:

• Thrust vector control (TVC)

• Stage separation systems

• Structural interstage or mounting components that are not integral
with the SRMs

be

• Second-stage application roll-control system

Costs to be based on these general guidelines:

• Phase C/D Go-Ahead assumed for 1 April 1972

• All cost data derived in 1970 dollars

co

de

el

Costs provided exclusiye of any fee

Include all new NASA facility costs for brick and mortar, as well as

operation and maintenance of new facilities (contractors to provide these
costs as a separate line item, when detail costing is shown)

All Phase B costing g roundrules utilized, except where modified herein

The unmanned test flight program, as required, to be completed and
file ............vemc:_ q_aalffied for manned _LLg--L"_..... by _uly I_,_"_o

For this study, motors for use in the unmanned flight qualification tests
were assumed to be included in the recurring production costs. Development
costs to include design, component developments and tests, tooling, fabrica-
tion, handling equipment, new facilities (for development and test), tests,
support engineering, program management, and documenLg.tion.

Production costs to include program management and support engineering,
tooling and facilities (beyond that included in development), fabrication,
inspection, GSE, handling, transportation, storage, assembly, and launch
support.

In estimating launch-base operational support in the recurring costs, each
launch to assume a number of motors, which roughly corresponds to 4 million
pounds of propellant.

3.1.2 Analysis of Interim Data

The contractors' responses relative to the requested matrix of parametric cost data

are shown in Table 3-1. In total, an approximate 60 percent respbnse was obtained,

which is quite satisfactory in view of the short schedule and limited funding.
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CONTRACTOR

A

B

C

D

Table 3-1

PARAMETRIC COST DATA RESPONSE

• MOTOR
DIAMETER

(IN.)
BURNTIME MEOP

I--(SEC) (PSI) --
-,,_
,o_

120 155 260 100 135 800 lO00 1200 _ ¢o

NO YES NO YES YES YES YES YES YES

YES YES YES YES YES YES YES YES "*

YES YES NO YES YES NO YES NO NO

INO YES YES NO YES YES NO NO NO

Z
0

I--

!0_ e._u_ J L.L. _._

_o gg 5_

NO " •

"" NO NO

NO ° •

°" °" NO

"INCLUDEDIN COSTDATABUTNOTITEMIZED

"'DISCUSSED BUTNOTINCLUDEDIN COSTDATA
""FACILITIES COSTINCLUDEDFORl?n AND156INCHMOTORS

n_r;-,rl BUTONLYDISCUSSEDFOR260INCII MOTOR

As shown, cost data were submitted by: (1) hvo contractors for ]20-in. diameter

motors, (2) all contractors for 156-in. diameter motors, and (3) two contractors for

260-in. diameter motors. Also, examination of Table 3-1 shows the extent of the

parametric data generated, which varied from •nearly complete response by contractor

B to a single set of motor-design characteristics for the 156-in. and 260-in. diameter

•motors by contractor D. In addition, there was (in the initial input) considerable

inconsistency in the hanciling of cost items such as amortized facility, tooling, GSE,

and transportation; facility and hardware; and suppo_ items in the area of motor

transportation and launch facility assembly and checkout. In regard to the latter costs,

additional instructions were issued to the contractors in order to standardize the treat-

ment and 'inclusion of these costs in the final working data input due late in October.

• A summary comparison of the submitted preliminary cost data is given in Fig. 3-1 for

motor design requirements corresponding to a single SRM booster stage. Very good

agreement exists for the recurring (production) program costs; variations in the develop-

ment costs were within plus or minus $10 million of the norm. The individual contractor
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Fig. 3-1 Contractor SRM Cost Comparison Summary

inputs, presented in motor/size groupings, are summarized and discussed in Ref. 2.

Comparisons of these preliminary data are presented in Figs. 3-2 through 3-5.

The comparison of the 120-in. diameter motor costs in Fig. 3-2 shows contractor C

with the highest development costs but the lowest recurring costs. A probable reason

for this is that contractor C included much of the facility, tooling, and GSE equipment

costs in the development costs. Therefore, the differences should become much less

when appropriate reallocations are made.

The comparison of the 156-in. diameter motor costs in Figs. 3-3 and 3-4 shows very

good agreement on recurring costs. The larger spread in development costs will

narrow when the contractor's costs are realigned. However, contractor B's costs

appear to be unrealistically low and more detailed reevaluation of their data should

be made in future studies. All contractors were urged to analyze and refine their

cost data on the 156-in. diameter motors, since these appear to be of greatest interest

in current space shuttle studies, and this is expected to eventually result in better

0

B

D

D

D

D

D

B

D
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Fig. 3-2 Cost Comparison of 120-in. Diameter Motors at 1000 _{EOP

agreement on development costs that currently exists. If the currently indicated

trends continue, contractors A and/or C will be presenting the higher than nominal

development costs, whereas contractor B will have lower than nominal costs.

The comparison of the 260-in. motor costs in Fig. 3-5 exhibits an ambiguous relation-

ship between the data of contractors B and D. Although contractor B's costs are lower

than contractor D's for the 156-in. diameter motors, the role is reversed for the 260-in.

motors. This fact was brought to the attention of both companies for consideration

when they reviewed their respective data for use in any future study.

Several genera[ conclusions can be drawn relative to the affect on costs in relation to

motor design parameters. Motor-burn time and thrust regressivity appear to have

negligible effect. On the other hand, MEOP does have an appreciable effect. The

additional cost of development and production of a 1200-psi MEOP design over an 800-psi

MEOP design is approximately 7-to-9 percent for the 120-in. diameter motors, and

approximately 4-to-6 percent for the 156-in. and 260-in. diameter motors.
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Fig. 3-5 Cost Comparisons of 260-1n.-Diameter Motor for 800 and 1200 MEOP

The increase in motor development cos_ associated wi_ 12 motor fir_mgs _mstead of

8 varies from 20 to 30 percent. The percent reduction Shown in recurring costs for

yearly production rates equivalent to 40M Ib of propellant compared to 20M lb of

propellant varied widely: from 3.5 percent for contractor A, to 20 percent for

contractor B. Again, these contractors were advised to reevaluate the effect of

production rates for any future costing studies.

In addition to these production rates, the contractors were urged to project costs for

a rate equivalent to 13M lb per year, which will provide a "learning curve" trend in

the projected low launch-rate regime for the current groundrule interim booster pro-

gram. In'the event that larger launch rates are required, a significant further reduc-

tion of recurring costs can be expected, and a production rate point corresponding to

100 to 150M lb of propellant per year would be useful.
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3.2 COST PROJECTIONS FOR INTERIM SRM BOOSTER MOTORS

Development and production costs were projected for a single-stage booster using a

cluster of four 156-in.-diameter motors with a total propellant requirement of 3.6M 113

or 0.9M lb per motor. Projected costs and their comparison with the contractor data

are shown in Fig. 3-6. The development cost value represents a mean of the data

shown by the four subcontractors and is within $10 million of the lowest and highest

subcontractor values. This spread should be further reduced when the subcontractors

realloeate or include costs for facilities, tooling, transportation equipment, and GSE

to a common basis. Note that the costs are based upon a 12 motor development and

PFRT test program _vhich is probably more than required (ten test firings have been

recommended by NASA/MSFC). Therefore, it is believed that the development cost shown

for the motors is realistic or possibly conservative.

Q

g

g

I
!

The projected production cost per motor is based upon a rate of about 14 motors per

year. The value selected is based upon the average of the four contractor values, but

A

%
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3-9

LOCKHEED MISSILES & SPACE COMPANY

I IIII T " .... _ .... I....... li" "1 ' I 11 I



LMSC-A995931

Vol lI, _ 3

is corrected for a lower production rate (13M lb/yr) than represented in the data they

submitted. Since the cost agreement among the contractors is excellent, a high level

of confidence can be placed on the production cost projection. Prior to the receipt of

the subcontractor data, LMSC used for the study baseline a value of $3.4 million per

motor for the configuration 5B system in lieu of the presently designated value of $2.9

million.

3.3 COST DATA UNCERTAINTIES

Several factors must receive further consideration in any additional effort in determining

cost-effective motor designs. One such item concerns the effect of design MEOP on

motor procurement costs. The baseline motor costs used in the preparation of stage

cost data for the configuration 5B were predicated on an MEOP of 1000 psi. Table 3-2

portrays the first order affects of reducing the design MEOP to 800 psi, utilizing tim

motor performance data from Fig. 2-10 of Section 2. The motor production cost would

be reduced by about 4 percent. This is due primarily to the reduction in the motor inert

Table 3-2

SRM COST VS DESIGN TRADEOFFS

INCREASEOFMASS FRACTION

• +0.0l RESULTSIN SAVING:, 6 PERCENTIN STAGECOSTS
(FROMSTAGEWEIGHTREDUCTION)

INCREASEOF Isp

• +1 SECRESULTSIN SAVING= 1 PERCENTIN STAGECOSTS
(FROMSTAGEWEIGHTREDUCTION)

REDUCTIONOFMEOPOF200PSI

• INCREASESMASS FRACTION

• REDUCESIsp

• REDUCESPERLB MOTORANDSTAGECOSTS-

THEREFORE:

'_,0.01

-"4 SEC

2 PERCENT

REDUCINGMEOP"FROM1000PSI (BASELINE)TO800PSI

REDUCESSTAGEONECOST • 6 PERCENT- 4 PERCENT+ 2 PERCENT
,, 3 PERCENT

•ON THE SINGLE-STAGESRM BOOSTER
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weight which has fabrication costs per potmd that are an order-of-magnitude greater

than the cost-per-pound of additional propellant required.

Another item that could impact the motor costs is the possible use of the HTPB

propellant, currently undergoing a concerted development effort by the DoD, which

should make it available on a timely basis for the Space Shuttle program. The advantage

of this propellant's projected improvement in specific impulse of 1 sec and loading

density of 4 percent would reflect an app_x>ximate 3.5 percent reduction in total boos_r

stage weight. All propulsion companies agree that the cost per pound of this pro-

pellant would not be greater than the baseline PBAN propellant (and would probably

be less); therefore, {he cost saving on weight reduction alone would be about 3.5 percent.

A third item that might afford further cost reduction is the use of higher strength _

steels for the case and nozzle structure. A steel affording a 15 percent greater design

tensile strength than used for the baseline motors (i. e., 230,000 psi vs 200,000 psi)

would allow a mass fraction improvement of about 0.01 wMch would reflect a total

stage weight reduction of abou_ 5 percent.

A detailed analysis is required to determine whether the higher material and fabrication

costs of the higher strength steels would partially or totally offset the cost reduction

due to lower total stage weight.

Most of the cost uncertainties appear to provide more opportunity for cost reduction

rather than cost increases.

3.4 CONCLUSIONS

t

w

Solid rocket motor development and production costs have been established with the

assistance of the four large SRM propulsion companies. These companies were in

excellent agreement on production cost data so that high confidence can be placed on

the projected production costs of motors for the SRM-Booster stage. The divergences

in the estimated development costs of about plus or minus $10 million from the value

selected for this study reduces to a small percentage of the projected overall procure-

ment costs.
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Other cost uncertainties relating to the selection of a final design of solid rocket

motors have been shown to contribute to conservatism in the projected SRM costs.

Thus, further resolution of design and related cost uncertainties is expected to

produce lower rather than higher dollar cost projections. Therefore, it is believed

that the costs generated and projected in this study for the development and procure-

ment of motors for an SRM-Booster stage represent a reliable estimate of what would

be achieved in a real program.
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Section 4

BOOSTER STAGE CONFIGURATIONS

l
4.1 CONFIGURATION SELECTION

The configuration selection activities on solid rocket motor (SRM) boosters were

differently oriented in each of three separate phases:

• Initial Selection. This was based on the presumed requirement for an

interim expendable booster, which wffhld be replaced after twelve opera-

tional missions had been flown.

£]

U

|

• Interim Booster Design/Analysis. The initial booster selected was studied

in greater detail to achieve definition of performance and cost uncertainties

associated with a typical SRM-stage so that the level-of-confidence to be

expected for any SRM-booster could be esLabiish_d. In this phase, the

booster configuration was allowed to change only in details which did not

impact significantly the remainder of the system (orbiter/tank/ground facilities).

• SRM Final-Configuration Booster. With the change in groundrule to the

effect that there would be no interim booster, a preliminary projection was

made to conceive an SRM booster that might be cost-effective for use in the

total 445-mission program.

H

g

|

|

During the course of the refinement phase, some conclusions which suggested modifi-

cations to the initial selection were evident. These were not allowed to change the

refinement work underway, since the second phase objective could be accomplished using

any reasonably representative expendable booster. However, the revised selection

indications were impacted into the work undertaken in the last phase. Because of program

redirection toward fully reusable boosters, however, the level-of-effort on SRM-boosters

was severely curtailed during the last two phases. The following subsections review the

configuration selection considerations in each of the three phases.
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4.1.1 Initial Selection

In the initial selection activity, the SRM-booster configuration choice was influenced

by each of the following factors:

(a) Interim vs Final Configuration optimization

(b) Smaller vs larger SRMs

(c) Parallel vs tandem orbiter/booster arrangement

(d) Single-stage vs two-stage SRM booster

Item (a) dictated strongly that the final flyback booster produce a delta-V (relative)

that was of the order of 6,000 fps. The Item (b) tradeoff studies showed that for the

interim-booster concept, the additional RDT&E costs to develop a 260-in-diameter

SRM (above the costs for 120s and .156s) was a severe penalty. On the other hand,_ the

relatively large number of 120s required to provide the desired delta-V provided a

significant decrease in success probability, so that the 156-in-diameter booster

appeared more desirable. Item (c) had relatively little impact on the character of

the SRM booster, but vehie]e control and _tage separation considerations dictated

in favor of the tande.m arra_ugement. With regard to item (d), the delta-V required

was such that one SRM stage efficiently accomplishes the mission. Furthermore,

two-stages increase development costs and decrease production costs, which (with

the small number of missions) is not considered to be significant in the face of some

reliability reduction for two stages.

The impact on success probability is shown in Fig. 4-1. For the one-stage system,

the larger number of motors with the 120-in. booster (Configuration 5A) makes the

failure probability three times as great as with the 156-in. booster (Configuration 5B

Alternate), which was later selected as best for a single SRM stage. The implications

of vastly reduced probability of failure shown in the same figure for two-stage vehicles

refers to capability to abort with the second stage in the event of a malfunction in the

first stage. Thus, from a mission-success standpoint, Configuration 5 has a slightly

greater probability of failure than Configuration 5B Alternate (both with three SRMs)

because of the greater number of stage subsystems required with the two-stage booster

configuration.
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SOLID ROCKET MOTOR

AVAILAI_JE
pFR

SYSTEM

NEEDED

UROI=F
MOTOI

TYI_

N_R
OF

STAGESSYSTEM

.5 3 2 156 2 40

,SA 9 9 120 I 27 x 103

M 4 4" 1.52 1 |2 x 103

M (ALl') $ 3 I.$6 I 9 x 103

M (ALT) " 4 3 1.56 I ! 10

5D 7 $ 120 2 93

ASSUMED PROBABILITY OF SUCCESS FOR SOLID ilOCKET MOTORS I$ 0.9977

nOBArdUTY
OF FA_LUI_

(FAILU_F$ PL_
MILLION)

• ASSUME THRUST/WEIGHT RATIO _ 1.15 WHERE _ IS SIZED FOil ENGINE-OUT CONDITION
AT UFTOFF.

JAD-2

Fig 4-1 Success Probability of Solid Rocket Motor Booster System

J

!

Most of the above aspects of the interim booster configuration selection are summarized

in Fig. 4-2. Details of selection activities, _vhich involve the SRM boosters, are

contained in Refs. 4-1 through 4-5. Configuration 5B was selected as the baseline

interim booster for refinement study, and is illustrated in Fig. 4-3. The figure shows

the four-SRM configuration on which most detail study effort was focused.

|

]

!

]

4.1.2 Interim Booster Design/Analysis

The second iteration of SRM booster design and cost data was accomplished on the

booster of Configuration 5B, as described in the previous section. This work was

accomplished over a seven-week period and produced the results and conclusions

summarized in Sections 4.2 and 4.3. In this phase, the prime changes that proved

desirable on the SRM booster are as follows:
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The three-SRM configuration is more attractive than the four, because

with one fewer SRMs the system reliability is higher, SRM and stage

costs are lower, and the stage mass fraction is better (higher).

The TVC actuation system is more cost-effective if designed as a

heavier, cold-gas blowdown system rather than as a gas-generator

turbine-pump hydraulic system.

System weight, cost, and design feasibility are improved if the

SRM thrust termination system s employ two forward-head ports

in lieu of the single port shown originally.

4.1.3 SRM Final Configuration Booster

._

With the groundrule of no interim booster, and ocean-recovery of ballistic boosters

as an accepted reuse mode for the space shuttle booster, a preliminary projection

was made of a cost-effective mode for SRM boosters. This projected configuration

was characterized by the following:

, Use of two stages of SRMs, with first-stage consisting of two 156-in.

diameter SRMs with 1.2M lb propellant load each_ and the second stage

consisting of one similar-sized SRM. These were the same size as the

three SRM Configuration 5B (Alternate) motor grouping.

e With a delta-V (relative) of approximately 9500 fps, this allowed the

orbiter to use the J-2S engines and a considerable size reduction of the

LOX/hydrogen external tank.

o A recovery system concept for the SRM/stage hardware was outlined,

aimed at achieving a 25 percent cost reduction in recurring operations

costs for the SRM booster.

Because of limited time and budget available, little design/analysis work was done on

this configuration. Parametric sizing and costing provided a basis for a rough-order-

of-magnitude costing of a space shuttle program employing this system concept• These

results are presented in Section 5.

- u r
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4.2 STAGE DESIGN/ANALYSIS STUDIES

The SRM-stage design/analysis studies were oriented to cover three areas:

(1) study special design or problem areas; (2) define preliminary subsystem

design; and (3) provide a basis for preliminary estimates of stage subsystem costs.

The primary activity on stage subsystem design and weight determination is summarized

in a 47-page Engineering Memorandum, Ref. 4-5, and deals with the five Configura-

tion 5 candidate booster systems. The results of this stucly is summarized in

Section 4.3. The stage cost estimates- assembled in conjunction with these design/

analyses are summarized in Ref. 4-6.

A series of special studies were undertaken to provide a quantitative basis for design

selection and weight estimation. Each of these is reported in Engineering Memorandums.

The specific studies, and the nature of their results and conclusions, are described below.

4.2.1 Boost Phase Abort Considerations (Ref. 4-7)

This study provides preliminary definition of petentiai abort situations for the

Configuration 5B boost phase. Failure modes on the orbiter and the booster system

were categorized into six subsets. The abort procedures during the boost-ascent phase

were characterized as summarized in Fig. 4-4.

4.2.2 Nozzle Actuation System (Ref. 4-8)

Sizing three different TVC actuation systems was accomplished, with determination

of weight, development costs, and recurring costs. An initial selection was made

of the lightest system, which is a hydrazine-fueled turbohydraulic system. Subsequent

evaluation indicated that a cold-gas blowdown system is more cost-effective. The two

concepts lowest in cost are illustrated in Fig. 4-5; the weight and cost comparisons are

summarized in Fig. 4-6.

4-8
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Fig. 4-4 Abort Modes During Interim Booster Ascent
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Fig. 4-6 Alternate Nozzle Actuation Concepts Comparison

4.2.3 Thrust Termination Transient Loads (Ref. 4-9)

Because of the abrupt nature of load application during abort-condition th_ust termination,

a dynamic loads analysis was completed for interstage structural desi_ of Configuration 5B.

These were analyzed for several different structure-to-motor case stiffness ratios.

Dynamic-response internal loads exceeded the maximum applied loads by no more than

I0 percent in any of the typical conditions studied.

4.2.4 Thrust Termination Port Plume Characteristics (Ref. 4-10)

The thrust termination subsystem is best located on the forward domes of the SRMs,

thereby resulting in proximity of the exhaust plume to LOX/hydrogen tanks and/or

the orbiter. A parametric pressure/temperature/velocity profile was developed to

allow determination of thrust-termination port locations which would not result in

M
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excessive temperatures and pressures being imposed on tank or orbiter surfaces.

This was used in conjunction with a three-dimensional model of booster orbiter

arrangement in the configuration preliminary design phase.

4.2.5 Interstage Structural Analysis (Ref. 4-11)

A detailed structural analysis and weight calculation study was undertaken for

Configuration 5B to obtain a realistic appraisal of weights and cost of interstage structures.

Three major structural assemblies were analyzed for several different design conditions:

the base support cluster, the forward SRM cluster, and the interstage structure.

Included in the weight estimate is a +25 percent nonoptimum factor to account for

design details, material gage variations, etc., which are not yet definitized.

4.2.6 SRM-Stage Manrating Requirements

The prime objective of the space shuttle program is "the development of an economical

general purpose transportation system --- for transporting of crew, passengers and

cargo to low earth orbit and their safe return to earth". (Quoted from Section 2.1 of

the Space Shuttle Program SOW, preliminary draft dated 26 April 1971. ) In view of the

long period of intended routine operational use, with the likelihood of carrying a variety

of passengers, such as VIP, scientific, NASA and/or military personnel, a reappraisal

of manrating requirements for the booster was accomplished.

|

g

a

|

Previous efforts to establish requirements for manrating solid-propellant motors were

associated with the Air Force MOL program. Manrating the SRM-stage involves

essentially three aspects: (1) determination and use of adequate factors of safety for

the static components of the bare motor; (2) use of redundant components for dynamic

systems, such as the TVC power train, motor-igniter initiators, thrust-termination

initiators and cutting ordinance, and separation ordinance and motors; and (3) an

appropriate program of qualification testing of the SRMs and the assembled SRM-stage.

The selected criteria are summarized in Fig. 4-7.

!

|

|
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SPECIAL DESIGN FEATURES

• THRUST TERMINATION ON SRMs

• LAUNCH-HOLD TO T-I SEC

• SRM PRESSURE ANOMALY SENSORS

• RIGOROUS NDT ACCEPTANCE PROCEDURES

REDUNDANT SUBSYSTEMS

• TVC ACTUATION

• SRM IGNITION INITIATORS AND COMMAND

• THRUSTTERMINATION INITIATORS

• STAGING INITIATORS AND COMMAND

•SRM DEVEUQUAL TESTS

• 3 DEVEL.(FOR NEW 120 IN. SRM)

• 5 PFRT (FOR NEW 120 IN. SRM)

• 1.56IN. MAy REQUIRE 9 TO 12 FIRINGS

• 260 IN. MAY REQUIRE 10 TO 15 FIRINGS

SAFETY FACTORS

• I.I.5PROOF TEST (ON MEOP)

• !.4 ULT. (ON MEOP)

• 2.0 (ON THICKNESS) NOZZLE ABLATOR

• 2.0 (ON THICKNESS) CASE INSULATION

• 1.4 ULT. ON JNTERSTAGE STRUCTURES

D05655

STAGEQUALIFI CATION
• FULL-SCALE STATIC/DYNAMIC TEST
• ASSEMBLY/CHECKOUT OPS DEMONSTRATION

• ONE UNMANNED FLIGHT TEST (WITHOUT ORBITER)*

• SUBSYSTEM QUAL TESTS

*ASSUMED REQUIRED FOR ANy BOOSTER PRIOR TO FLIGHT WITH EXPENSIVE ORBITER

Fig. 4-7 SRl_[-Stage Manrating Requirements

Special incorporated design features would enable rigorous NI)T inspection of static

components, and the sensing of impending or commencing motor failure. Thrust-

termination is required to shut off SRMs in the event that abort procedure is dictated

by events occurring anywhere in the Space Shuttle system. All test motors are

instrumented to monitor stress and thermal history of critical components to ensure

that the design margins-of-safety are being achieved. Proposed safety factors, which

match currently used manrating requirements for the liquid-propellant stages, are in

excess of the factors used in prior SRM applications that have already demonstrated an

extremel:_ high reliability status.

I

4.3 STAGE SUBSYSTEMS DESIGN

The SRM booster design/analysis activity was accomplished in three phases:

(1) A preliminary quantification of mass-fraction of the SRMs was accomplished

for each configuration, and with it an allowance was estimated for stage

4-12
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(2)

(3)

subsystem weight at two percent of the total SRM weight. For initial cost

evaluations, a percentage of SRM costs was assumed for other stage

subsystems.

The second phase included a subsystem-by-subsystem preliminary

conceptual design and weight estimation (Ref. 4-5) for the five Configura-

tion 5 systems, with costs estimated for Configuration 5B by use of weight-

dependent CERs for each subsystem (Ref. 4-6).

In the last phase the weights and costs were reiterated for the Configuration 5B

by injecting a number of corrections and improvements that came to light

during the last month of the study.

For the five interim vehicle systems using tandem orbiter booster arrangements

(per the second phase activity), the resulting stage inert weight breakdowns are

presented in Fig. 4-8, and the contribution of the individual subsystems to the total

stage inert weight is presented in Fig. 4-9. Included in tbese figures are the stage

and composite booster propellant mass fractions (k') in comparison vdth the propellant

mass fractions for the SRMs proper comprising the stages. The weight of the _ion

of the orbiter-booster interstage remaining with the booster at separation is not

included in the values listed. Ifthis weight were included for the baseline 5B configu-

ration, the stage A)_, in comparison with the k' Of the SRM proper would increase

from 0. 0201 to 0. 0232.

The influence of the primary configuration design factors (number and size of SRMs,

number of stages) on the reduction in AX' between.stage and SRM, based on these

data, is as follows.

It appeal"s that the stage-weight efficiency is directly reduced in proportion to the

number of SRMs comprising the stage and that, consequently, use of 156-in. diameter

rocket motors reduces the stage weight considerably in comparison with stages

consisting of 120-in. diameter SRMs. In addition, and understandably, the single-

stage configurations AX' is also slightly decreased in comparison with two-stage

configurations, viz, Configurations 5B and 5C vs 5 and Configuration 5A vs 5D.

However, this decrease is not sufficient to Offset the performance gain obtained by

4-13
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0.6

2 STG-I.MP IN.

STAGE

J _ 0.4 1ST
0.3_

]

I STG-I201N. l STG-I561N. 2 STG-1201N.

-- CONTINGEN("Y 7

/ OTHER /

TURE "I" STAGE

IST

--SRM _ J

X SRM

' X STAGE

-A,V

IX) 4G28 (1)

O. 2 -- 2ND

2 ND

0.1-- _-. .....

I STG-1,_6 IN.

0.878 0.878 0.891 0.891 0.892 0.892 0.893
O. 858 O. 858 O, 869 O. 870 O. 869 O. 867 O. 875

0.0203 0.0204 0.0222 0.0201 0.0234 0.0246 0.0176

Fig. 4-9 SRM Booster Stage Inert Weight

]

]

|

|

]

|

!

the additional staging. In comparing the individual _' values obtained for the

different candidate vehicle configurations with the Phase 1 assumed constmlt increment

of O. 0200D it appears that the dispersion of -12 percent to +19 percent is significant

enough to require that a relatively detailed weight analysis be included in final trade

studies between competing staging and vehicle arrangement concepts.

Considering the limited depth of analysis on which these results are based, it is obvious

that they should not be used without reservations in drawing final conclusions for the

comparative evaluation of candidate vehicle configurations. However, as a byproduct

of this study, conclusions can be drawn on the relative importance of areas where

effort should be increased to provide the background for a valid, final comparative

evaluation of remaining candidate interim SRM-booster configurations. These con-

clusions are summarized in the following subsections.

4-15
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4.3.1 Stage Design and System Integration

The candidate configurations shown _vere the result of a preliminary design effort

performed before important characteristics and interface requirements of the

associated stage subsystems had been established. Consequently, many of the

designs result in conditions which, to a varying degree, are unfavorable or even

incompatible with the development of feasible solutions for the design and integration

of pertinent subsystems. This is particularly true with regard to the thrust termination

(TT) subsystem, and to some extent probably also with regard to the separation system.

A second stage-design iteration would be required to eliminate obvious deficiencies.

4.3.2 Structures

As shown in Fig. 4-8, after the SRM inert weight, the structure provides by far the

largest stage inert weight increment. However, only a limited, general approach was

taken in estimating the discrete stage inert weights. In addition, the interface effects

_,f many subsystems, especially for ttn_us_ termination a_ud separation, are not taken

into account by the applied methodolo_,. _he performance of a detailed, intega-ated

design-load/stress analysis which would include interface effects of all major subsystems

is a requirement for all final candidate configurations in order to pemnit a comparison

on an equal basis of definition.

4.3.3 Thrust Vector Control Actuation Subsystem

The depth of analysis from which the weight of this subsystem was determined for

the different configuration alternatives exceeds, with the exception of the SRM subsystems,

the effort spent on the other subsystems. In addition, the relative contribution of this

subsystem to the overall stage inert weight is relatively small and does not change

significantly between different configurations. It appears that for the purpose of the

evaluation of candidate configurations on the basis of performance alone, no particular

additional effort would be required for this subsystem. However, with regard to other

evaluation criteria, alternative TVC actuation system design concepts should be

considered.

4-16
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Considering development rand recurring costs, use of the simple pressure blowdown

system for the generation of hydraulic power should be reexamined. This concept

was originally rejected in favor of the more complex APU-driven, high-pressure

pump system on the basis of a weight reduction of about 50 percent. However, considering

the small effect of the TVC actuation system on overall stage inert weight, use of the

considerably less expensive blowdown system may prove to be the better solution.

(This was done in the Phase 3 iteration. )

4.3.4 Thermal Protection Subsystem

The weight increments for this subsystem were obtained by a very preliminary and

approximate scaling relationship. A more valid determinatign would require that the

detail design characteristics of the individual stage base areas, as well as of appropriate

heat shield structures, be defined under the above-discussed stage design effort.

4.3.5 Separation Subsystem

This subsystem contributes, with some vehicle alternatives, rather sig_nificantly to

the total stage inert weight. The preliminary analysis used to define its weight

requires considerable extension to provide adequate confidence in the results. Basic

separation modes for the different vehicle alternatives must be defined, including the

determination of methods for maintaining control authority during separation, determina-

tion of possible interference by impulses generated by plume impingement of the various

vehicle propulsion systems involved, and consideration of both normal and malfunction

operational modes. Only after the basic requirements are established by such

analyses can trade studies be performed to determine whether separation rockets,

as assumed in this study, should be considered for all alternatives, or whether use

of mechanisms, or of a combined mechanism-rocket system would be advantageous

under particular conditions. It can be expected that the individual separation sub-

system weights, determined from better defined design requirements, may consider-

ably differ from those presented at this time.

LOCKHEED
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4.3.6 Thrust Termination Subsystem

As determined by this study, the contribution of this subsystem to the stage inert

weight is relatively large and also highly dependent upon the particular vehicle con-

figuration.

Among all subsystems, with exception of the StLM proper, the mutual interaction

between subsystem and overall vehicle system characteristics and interface require-

ments is probably the most pronounced for the TT subsystems. While incorporated

only for use in an emergency operation mode, accommodation of the resulting blast

impingement on the orbiter and of potential shock loads on the entire vehicle structure

may easily become a determining factor in the overall design of a final, fully-feasible

composite vehicle configuration.

D

g

D

0

In this respect, most of the alternative vehicle configurations investigated in this study

have not been sufficiently developed to ascertain functional feasibility with regard to

both the subsystem and tim integrated vehicle. Equally, the derived subsystem weight

increments must be considered to represent at best an approximation that reflects only

crudely the trends between the different types of vehicle configuration, since these

configurations were not iterated to establish an equal level of feasibility for the

assumed TT subsystem design.

The basic methodologies for determining both the detail design requirements for the

TT subsystem, as well as the blast and load effects on the vehicle system, are

available. However, it will require analytical, design, and integration effoI_s to

arrive at a satisfactory solution. Considering the far-reaching effects on overall

vehicle configuration and weight, the majority of all subsystems and technologies

comprising the composite vehicle will probably be involved to some degree in such

analysis, the results of which could easily become a decisive factor in the selection

of the preferred configuration.
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4-18

MISSILES &

:. k .

SPACE COMPANY



LMSC-A995931

Vol II, Pt 3

4.3.7 Electric, Electronic, and Instrumentation Subsystem

While only of minor influence on the stage inert weight, the pronounced effect of these

subsystems on system reliability, safety, and cost will require a better definition of

design requirements and selected design concepts for the individual configurations to

contribute to the overall comparative evaluation of the vehicle alternatives.

B

4. 3.8 SRM Subsystem

For comparative evaluation of the alternative vehicle configurations, the definition of

13erformance, design, weight, and cost characteristics of the different SRM units used

in the alternatives, obtained on the basis of contractor-furnished information, is con-

sidered adequate. Additional efforts, however, are expected to result in some increase

in performance, reduction in estimated costs, and possibly operational cost savings

through recovery and refurbishment of the expended motors.

[1

H

g

|

C!

4.3.9 Final Configuration Weights and Costs

In the third phase of stage design_study improvements and corrections were incorporated

in the weight estimates and in the cost projections for Configuration 5B. In Fig. 4-10 s

SRM-stage subsystem weights, development costs, and recurring costs per stage are

shown, wherein the weights are more accurate than shown in Fig. 4-8. Recurring costs

are based on an assumed procurement of twelve operational stages, plus one unmanned

flight-test stage. The recurring cost (and dollars per pound) are average values for

the total procurement. It should be remembered that first-article costs are considerably

greater, and by the same token, last-article costs are significantly lower. The con-

siderable impact of increased production (beyond the 13 sets) is quantified in a later

discussion in Section 5.

The SRM data are derived, as discussed in Section 3: from four subcontract studies by

SRM contractors. Values shown are conservatively high, and are attainable through

fixed-price contract procurements with negligible risk of future cost growth.

a

|

a

The other subsystem weights and costs are based on a preliminary design of the

baseline-vehicle SRM stage and prior experience in development and fabrication of

similar subsystems. Considerable care was exercised in assuring that subsystem
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SUBSYSTEMS

PROPELLANT
SRMs INERTS

TOTAL

STAGESTRUCTURES

TVGACTUATION

THERMALPRO.'I.'ECTION

SEPARATION

THRUSTTERMINATION

ELECTRIC/ELECTRONI C

TOTALSTAGE

DOl_631
rwg

W£1GHT
(KLB)

3,584.0
440.8

4,024.8

61.9

11.0

6.6

5.8

3.4

1.7

4,115.2

DEVEL
COSTS
($M)

62

6

3

1

4

Z

4

82

RECURRINGCOSTS
PERSTAGE

tM DOLLARSILB

11.6 2.88

3.7 60

0.8 75

1.0 150

0.9 150

03 100

0.1 4OO

19.0 4.62

Fig.

I DATA CONSISTENCY:

4-10 SB_M Stage Weights and. Costs

BETTERTHANEXPECTED]

e MASS FRACTIONS
e SPECIFIC IMPULSE (VACUUM)
e DEVELOPMENTCOSTS
e PRODUCTIONCOSTS

- 3VERY CLOSE, 1 ATO.015 HIGHER
- ALLWITHIN ±3 SEC
- 3 VERY CLOSE,1 AT 30 PERCENTLOWER
- ALLWlTHIN +5 PERCENT

I INTERFACEPROBLEMAREAS: REQUIRESCLARIFICATION IN SRM SPECS]

• DEFINITION OF DELIVERED ISP
e WEIGHTAND COSTFORTHRUSTTERMINATION ANDTVC ACTUATION
e SAFETYFACTORCRITERIA

TOOLINGAND FAClLITY COSTSBETWEENDEVELOPMENTAND PRODUCTION

[NUMERICAL VALUE RESULTSI

0.893

LMS'C ]270

I-_TAL VALUE.SI_2M
1,3.,m

%

-- SRM MASS FRACTION -- 0.900 /

]-- ISPvA C (SEC) -- 273"

DEVELOPMENTCOST m $62M

PRODUCTIONCOSTISRM-- $2.9M

"MAY GOUP TO 277 IF HTPB IS USED

I)05679

Fig. 4-11 Recap of SRM Studies

RECOMMENDED
SRM VALUES
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elements on the SRMs were neither forgotten nor included twice (in the SRM, and in

the other stage subsystems). In the Phase 2 study of SRM stage costs, such overlaps

in fact, did occur, which accounts for the changes in weights (and costs) that are

represented in Fig. 4-10, as compared with the earlier, preliminary data. Two

significant changes are: (1) TVC actuation system, which now reflects a low-cost,

but much heavier, cold-gas blowdown power system; and (2) thrust termination,

which now removes previous overlap with weight and costs included in the SRM values.

Other small reductions in weights (and costs), accrue mainly from the use of a three-

motor cluster in lieu of the four-motor cluster represented in the initial baseline.

Both the weights and "the costs shown in Fig. 4-10 are believed to be conservatively

high. The structural weights include a nonoptimum factor of 1.25, and a contingency

factor of 1.10, both of which have been proven to be realistic in other Lockheed "

programs. However, due to the basic simplicity of the SRM-stage system, and

conservatism in design loads, the "other subsystem" weights and costs are likely

to be proven in the order of 10 percent too high in more detailed design studies.

4.4 SRM STAGE DESIGN RESULTS AND CONCLUSIONS

The studies of the SRM booster potentials, although severely curtailed during the last

half of the ACS program, have provided clear delineation of primary design considera-

tions, performance and cost projections, and the extent of program risks or uncertainties.

The SRM subcontractor studies have produced a remarkable consistency of both per-

formance and cost characteristics (see Fig. 4-11) in all three sizes of large solid

rockets (120-in., 156-in., and 260-in. diameters). Three of the subcontractors

independently provided essentially identical characteristics, allowing for a rather

narrow band of variation, with really "noise-level" differences. One of the sub-

contractors provided appreciably more optimistic characteristics, both in mass-fract2on

(performance) and in development costs. This contractor, however, has extensive

experience in developing and producing a wide variety of experimental and operational

solid rockets, and has a proven history of "ability to deliver," both in developmental

and production programs.
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Using data represented by the average of the three similar sets of characteristics

(excluding the apparently optimistic set), the SRM performance characteristics used

by Lockheed in the Space Shuttle System studies must be upgraded. With the data now

available, the selection of a most cost-effective MEOP still remains to be optimized.

When these several changes are incorporated, a saving of approximately 10 percent is

expected in the SRM booster stage program costs. Also, concurrence exists among

the SRM contractors that the HTPB (Hydroxyl Terminated Polybutediene) propellants

are now "state-of-the-art" and planned for on-going m{ssile programs. Because of

their higher density, improved specific impulse, and small change in costs, additional

reductions in SRM stage cost of approximately 5 percent can be expected. Other

major cost reductions accrue with increased production rates (i. e., by increasing

from 12 to 445 operational missions), and potentially by introducing ocean recovery

and refurbishment of expended solid stages. The effects of these considerations i_

discussed in Section 5.

The study results indicate that the SRM booster technology required for the space

shuttle is proven sLate-of-Lh_-aJ:t, with very low risk levels £u achieving both per-

formance and cost goals. Lockheed is convinced that this teclmology (for the 120-in.

and 156-in. motor sizes) can be realistically procured by standard competitive

fixed-price contract procedures.
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Section 5

PROGRAM ALTERNATIVES SUMMARY

In addressing the prime objectives of the Alternate Concepts Study in relation to

SRM-boosters (see Section 1.1), the following questions must be answered:

a. What is the optimal approach to flight-qualifying an SRM-booster system?

b. What is the optimum interim-expendable SRM-booster configuration, and

what are the costs for thattype of interim-booster program?

c. What SRM-booster concept, and associated space-shuttle total-program

plan, produces lowest peak annual funding (especially h-_ the initial years

of the program) and at the same time requires a low total-program budget?

d. What are the comparative safety and mission-success probabilities, and

how do technical _nd cost uncertainties for the SRM-boosters compare

with other booster candidates ?

These questions are addressed in the following sections, followed by a summary and

conclusions discussion.

5.1 FLIGHT QUALIFICATION PROGRAM

The basic criteria for man-rating an SRM-booster are summarized in Section 4 of this

report. Key items in these criteria are the requirements for: (1) a full-scale static/

dynamic test program, (2) a complete assembly/checkout operations demonstration,

and (3) one unmanned flight test (of booster without an orbiter vehicle). These major

efforts have been specifically identified as being over and above the conventional PFRT

requirements for the SRMs, and the typical subsystem qualification testing performed

on each of the subsystems utilized on manned flight vehicles.
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Prior to the unmanned-flight test, the major portions of the ground test prog_-am of

a completely assembled SRM-stage, with its interstage to the tandem tank, should

have been completed. This program is activated concurrently with the SRM-stage

subsystem development efforts costed in Fig. 4-10. It continues to a later date

so that subsystem testing, which requires use of large elements of the SRM-stage,

can be accomplished after the component and breadboard tests have been essentially

completed. This program will include: (1) structural static and dynamic tests,

(2) vibration tests, (3) separation tests, and (4) integrated-stage subsystem tests.

Costs of this program are summarized in Table 5-1.

Table 5-1

SRM-STAGE GROUND TEST PROGRAM

ITEM COST

FOURINERT-PROPELLANTSRMS(USING
MOTORPARTSFROMDEVELOPMENTMOTORS)

STAGESTRUCI!!RES

TESTFIXTURESAND INSTRUMENTATION

TESTENGINEERINGANDOPERATIONS

4M

3M

2M

GROUNDTESTPROGRAMTOTAL $15M

D04808(1)

A flight test program of a fully equipped, operational-configuration SRM-stage is con-

sidered advisable as part of the development/qualification of the interim-expendable

booster, prior to the operational manned flights. Such a program can be approached

in either of two ways:

• A launch with some useful unmanned payload, such as one of the S-IVB stages

from the existing inventory with an appropriate orbital mission spacecraft

• A launch with a mass-properties simulated tank-and-orbiter combination,

with at least partial simulation of upper-stage aerodynamics and separation

characteristics.
5-2
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The preliminary assembly of costs for such a demonstration is summarized in Table

5-2, and is based on the latter approach.

Table 5-2

SRM-STAGE FLIGHT DEMONSTRATION PROGRAM

ITEM COST

FLIGHT-OPERATIONALSRM STAGE

SIMULATEDUPPERSTAGES

$19M

-_t

|

|

n

INSTRUMENTATIONAND TESTENGINEERING

TESTOPERATIONSAND LAUNCHFACILITY
REFURBI SHMENT

3M

2M

FLIGHT TESTPROGRAMTOTAL $_

*DOES NOT INCLUDEA NONRECURRINGLAUNCHFACILITY
MODIFICATION.

The approach using the S-IVB would presumably have space-program value separate

from the space-shuttle program with budgets allocated from [_at area. Vv_ile _Lat

approach would not demonstrate all the space-shuttle trajectory events contemplated

for the latter approach, it is considered to be sufficiently applicable to meet

qualification-test primary objectives. Study of SRM-boosted S-IVB stages is currently

being carried out by the McDonnell Douglas Co. for NASA/OART under Contract

NAS 2-6446. Cooperative data exchanges are occurring between that work and this

ACS program. Accordingly, LMSC requested data on mission, performance, and

cost consideration for this flight-test option. The Appendix provides the data provided

by McDAC, which includes many attractive mission/configuration options for the

unmanned flight test required for space-shuttle booster qualification.

The unmanned flight test, with or without simulated space-shuttle upper stages, _,All

include: (1) demonstration of SRM and stage-assembly operations; (2) preflight

SRM-stage checkout; (3) launch facility preflight preparations; (4) SRM-stage launch

operations; (5) ascent-trajectory maneuvering, with pitch, yaw, and roll control

characteristics evaluation; (6) thrust-termination and upper-stage separation; and

(7) postflight launch facility refurbishment.

5-3
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5.2 INTERIM EXPENDABLE BOOSTER PROGRAM

The SRM-booster design/analysis activity discussed in Section 4 concluded that, for

a space-shuttle development program which first uses an interim-expendable booster,

and then transitions to a fully reusable booster, a single SRM-stage consisting of

three 156-in.-diameter SRMs is the optimum expendable booster. The study results

provide development program preliminary definition (including costs), and recurring

costs for twelve manned-flight launches. Using the data provided in Fig. 4-10, and

Tables 5-1 and 5-2, a total program cost for the recommended interim SRM-booster

is summarized in Table 5-3.

Table 5-3

INTERIM BOOSTER PROGRAM COSTS

NONRECURRINGITEMS

SRM DDT&E"
STAGESUBSYSTEMSDDT&E
STAGEINTEGRATIONAND SYSTEMSUPPORT
STAGEGROUND-TESTPROGRAM*
STAGEFLIGHT-TESTPROGRAM

NONRECURRINGCOSTTOTAL

RECURRINGITEMS

SRMs (11.6M x 12)
STAGESUBSYSTEMS(I.4M x 12)

RECURRINGCOSTTOTAL

TOTALPROGRAMCOST**

COST($Mi-

$ 62
20
13
15
33

$ 143

$ 139
89

$228

$ 371

NOTES: ' INCLUDESFACILITIES, TOOLING, AND FIXTURES
" **BASED ON 12INTERIM SYSEM LAUNCHES AND

DOSG_Z ONEUNMANNEDBOOSTERFLIGHTTEST

Groundrules utilized in assembling costs were:

• SRM contractor costs were evaluated, and a cost selected close to the upper

extreme of the seatterband.

l Only 1970 dollars were used.

5-4
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• Minimum technology advancement was utilized, except possibly for the movable

nozzle TVC system.

• No guidance avionics was on the SRM stage; no orbiter costs; no spares for

SRMs or stage structures, but spares were included in TVC and smaller

subsystems.

• One major ground-test program was conducted for stage qualification.

• One unmanned-flight test of an operational SRM-stage was conducted.

• Stage Integration and System Support was estimated as 15 percent of SRM

plus stage-development cost.

• Twelve SRMs were required for 156-in.-diameter motor development and

PFRT.

• KSC launch-facility and assembly-modification costs were not

included. (See Fig. 6 in Ref. 4-4. )

• Spent motors were reused for ground-test SRM-stage qualification-

test program.

For the groundrules specified by NASA and the SRM-stage configuration and develop-

ment program philosophy represented in this study, this total-program estimate is

considered accurate within +10 percent.

5.3 PROJECTED OPTIMUM SRM BOOSTER

With the revised program groundrules, which require one booster development and

allow ocean-recovery of the booster, an entirely new view can be taken of SRM-booster

options. The following relaxations of critical-program problem areas can be envisioned,

if SRM-b_oosters are utilized and allowed to deliver a "most cost-effective" delta-V:

• Three 156-in.-diameter SRMs, of the same size as is used in the single-

stage three-SRM interim booster, can deliver 50 percent more delta-V

to the orbiter/tank upper-stage (at essentially the same cost) if used in a

two-stage combination (two SRMs in the first stage, one h_ the second stage).
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$ A two-stage SRM-booster eliminates the "deadband" in abort capability of all

other booster systems (in the period of 15 or 20 sec immediately after launch)

by providing an escape-rocket in the second-stage SRM.

• The size of droptank required with the orbiter is drastically reduced. Also,

the engine-requiremeht on the orbiter is satisfied with J-2S engines, and in

smaller numbers than for any other booster.

• Development-program costs for the booster are low, and peak annual funding

in the early years of the program are lowest of all program concepts studied.

0

8

8

B
The usefulness of the SRM-booster in other program applicati0ns, such as

with the SIVB to deliver heavy and/or large volume payloads (see Appendix A),

is an attractive offshoot.

The MOL launch facility at WTR is readily adaptable as a permanent second

launch base, and if used for the initial unmanned-test flight, an early-year

fiscal-budget savings of some $30 or $40 million results.

8

O

B
• The two-stage SRM-booster is a highly cost-effective two-stage combination,

which, if used with the second stage of the Titan III concept for USAF candidate-

missions "requiring" the TIIIL, would eliminate any need for Titan !IIL development.

• Development program risks for evolving the booster are believed to be more

state-of-the-art (hence less risk) than for any other booster candidate.

At the same time, by reducing size of propellant and thrust requirements

for the orbiter, complexity and risk in the orbiter development are also

reduced.

• If the orbiter payload is temporarily reduced and propulsion system installa-

tion is delayed, the orbiter development can be accelerated by launching it as

a glider on top of the two-stage SRM/SIVB combination. This parallels

studies performed under Contract NAS 2-6446 (see discussion in previous Section 5.1. )

D

D

D

D

Q
The primary objection to such an SRM-booster is its presumed higher total-program

cost; howewr, this objection has not been adequately evaluated. Evaluation is needed

for- (i) the cost reductions that result from use over the entire 445 mission model,

and (2) the possibility of recovering and refurbishing major portions of the SRM-stages.
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The first of these factors was preliminarily analyzed, to determine a rough-order_of-

magnitude of booster costs if used over the entire mission model. In the analysis,

the SRM-booster was presumed to be configured as a two-stage system, using two

156-in. -diameter SRMs as first-stage (total Wp = 2.4 M Ib) and one identically sized

SRM as second-stage (total w = 1.2 M Ib). As far as SRM-booster costs are con-
P

cerned, this two-stage system development and production program is considered to

be of essentially the same cost as the three- or four-motor single-stage booster

discussed for the interim booster system. However, it provides the added advantages

shown in Table 5-4, with the full-time abort capability _by thrust termination of the

first stage and lightoff of the second stage) as a major capability not provided by most,

if not all, other booster concepts.

The recurring launch costs shown'previously were predicated on only 12 operational

missions. As sho_m in Table 5-4, for the full mission model of 445 launches, the

SRM-booster costs reduce from $19M to $12.5M average cost. The learning-curve

cost reductions represented are considered to be conservative, based on Titan EID

Sl_-stage cost-improvement experience. The potential additional saving by recovery

and refurbishment is estimated to net between 20 and 40 percent less than the $12.5

million.

This second factor, namely the potential savings by recovery and refurbishment, was

also preliminarily studied. Refurbishment and multiple reuse of rocket motor com-

ponents have been standard practice in SRM test programs and have been successfully

accomplished in the 120-, 156-, and 260-in.-diameter motor development programs.

For the shuttle program, the potentials are summarized in Table 5-5. All structural

components normally are thermally protected so that no degradation occurs during the

motor operation and, therefore, they are "good-as-new" for reuse. The effect of

short-time immersion in seawater should be comparable to the long-term saltwater

environment to which Fleet Ballistic Missile motors and high-strength steel hulls of

deep submergence vehicles have been exposed _ithout deleterious effects. The

remaining question to refurbishing and reuse is the possibility of structural damage

upon impact with the water.
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Table 5-4

SRM-BOOSTER COST-EFFECTIVENESS POTENTIALS

LPRIME FACTORSJ

DEVELOPMENTCOSTSLOW: °
THREE156-1N. SRMs IN TWOSTAGES:•

INCREASEINPRODUCTION RATE:

POTENTIAL RECOVERY/
REFURBISHMENT SAVINGS:

$373M (_.+$25M)
REDUCESAV REQUIREDFROMORBITER

• ABORTCAPABILITYFROMLIFTOFF
• MOLFACILITY AT WTRUSABLEAS SECOND

LAUNCHBASE
4 REDUCESBOOSTERRECURRINGCOSTS

FROM$19MTO._ $12M
• 20 PERCENTTO40 PERCENTREDUCED

RECURRINGCOST

IPRODIICTIONRATECOST IMPACT]

NO. OFLAUNCHES I_]
IAIINCIIRAIIIANNIIAI) 4
SI(MCO!,[I'IR B()()SIIItISM) 11.6
OTHER BOOSTERCOSTS ($MI 7.4

AVERAGE TOTALBOOSTER COST ($M)[_nnnnn_

REMARKS

m 45
9,0 ft.3 9"_._JI'1RCINT II AliNING
4,8 4.2 89 PERCENTLEARNING

IT'zm

Table 5-5

RECOVERY AND REFURBISHMENT POTENTIALS

IREUSABIFCOMPONENTS I

SRM

e MOTORCASE
e NOZZLEFLEXJOINT
e THRUSTTERMINATIONSYSTEM
e NOZZLESTEELSHELL

STAGE

e 50 PERCENT(APPROXIMATELY)
OFSTRUCTURE

e MOSTOFELECTRICALSYSTEM
e IVC ACTUATION SYSTEM
e 50 PERCENT(APPROXIMATELY)

OFRECOVERYSYSTEM

IREPLACEDIREFURBISHEDELEMENTSI

SRM
e PROPELLANTAND IGNITER e INTERSTAGE(TO BOOSTER)

• CASE INSULATOR STAGE e STAGINGJOINTS AND
e NOZZLE ABLATOR ROCKETS

e PARTOF RECOVERYSYSTEM

.I

m

|

I

D

B

D

D

a

g

B

[ESTIMATED COSTSAVINGS I FROM20 TO 40 PERCENTREDUCTIONOF
RECURRING SRM BOOSTERCOSTS

D05661
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A study by the National Engineering Science Corporation on booster recovery at sea*

concludes that recovery can be successfully accomplished without structural

damage if minor design requirements are incorporated in the motor, and the motor

entry into the water is maintained near vertical by the descent recovery equipment.

Additional study is required to evaluate the cost of descent recovery systems, retrieval

and transport, and refurbishing. One concept for recovery of major segments of an

SRM-booster is illustrated in Fig. 5-1. In the case of the configuration 5B SRM-stage

consisting of three SRMs, the illustration represents the sequence for each of the three

primary motors, to which are attached reusable elements of interstage structure and

subsystems. Such a recoverable stage would incorporate separation joint designs that

would leave most of the interstage elements attached to the SRMs, with a minimum of

quick-replacement components at the separation joints,

Electrical wiring and control system components would be pot±ed to assure survival

in the recovery-phase environment. The cold-gas storage TVC actuation system is of

a basically rugged design and can readily be configured to require simply a gas re-

charge as part of the next p_flight assembly and checkout operation. SRM-case

insulation and nozzle ablator will require refurbishment, prior to reloading the motor

with the solid propellant grain. The flex-joint assembly, between the nozzle and the

motor case, is expected only to require a replacement of the joint thermal-protection

membrane. Recovery system components will require some refurbishment, some

replacement, and repackaging. The one component that requires peculiarly tailored

design and development testing is the impact bag and its pressure-relief valving.

Using the projected two-stage SRM-booster "optimum" configuration outlined above

as a basis, a space shuttle total-program cost is presented in Table 5-6. This table

shows Re estimated costs for the full 445-mission operational model, with the pre-

sumption that a 25 percent reduction of SRM-booster recurring costs can be achieved

by use of a recovery system and refurbishment. The resulting space shuttle total-

program cost is $8.8 billion.

* "Recovery of Boosters at Sea," National Engineering Science Corporation, Pasadena,

California, Report No. S-260, April 1967, under Contract NAS 7-394.
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]..BURNOUT FPS
_. _ALTffUDE _-- 200,000 FT

|

D

? • IMPACT BAG INFLATES

_s'V_'L_"i'_ VO_4O FPS
BASIC CHARACTERISTICS

MOTOR CASE WILL FLOAT
IF NOT DAMAGED

• WATER ENTERING NOZZLE OPENING

TIPS MOTOR NOZZLE-UP

• MOTOR FLOATS LIKE SODAPOP BOTTLE

• iMPACT ON OCEAN

AIR VALVES OPEN AT PRESET IMPACT/

SUBMERGENCE PRESSURE

TO PRECLUDE BOUNCE-UP

Fig. 5-1 SRM Booster Recovery Concept

Table 5-6

POTENTIAL RECOVERABLE SRM-BOOSTER PROGRAM COSTS

CONFIGURATION AND PROGRAM ASSUMPTIONS :

• ORBITER WITH

TWO 18K LB (DRY) EXTERIOR TANKS (Wptot ffi 565K LB)
FOUR J-2 ENGINES

• TWO-STAGE SRM-BOOSTER (2+1 156 IN. SRM_ AT 1.2M LB Wp)

• SRM-BOOSTERS USED FOR ENTIRE 445 LAUNCHES

• RECOVERY/REFURBISHMENT REDUCES BOOSTER RECURRING COSTS 25 PERCENT

Io0,,Ecos,sl l.c ,Nocos,sl
ORBITER 1770 RECURRING PRODUCTION 326
EXTERIOR TANKS 165 RECURRING OPERATIONS 5385
MAIN PROPULSION 20 EXTERIOR TANKS 469
SRM BOOSTER 145 SRM BOOSTER 3900
OPERATIONS 127 OPERATIONS 1016

FLIGHT TEST 98 SUBTOTAL $ 5711 M

SUBTOTAL $ 2325 M MANAGEMENT AND
MANAGEMENT AND INTEGRATION (AT 10%) 571

INTEGRATION (AT 10%) 233 TOTAL (RECURRING) $ 6282 M
TOTAL (DDT&E) $ 2558 M

J PEAKS: $5A5NVI976 i l l$ 803M/1987 TOTAL PROGRAM - $8840M

Dosg4 t _)

0

D
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Because of the low development cost for _is booster, peak annual funding requirement

is very low ($0.59B) in the early years of the program. After this low early-peak

funding, there is a reduction of annual funding required for several years, until full

operational deployment occurs. The requirements for subsequent years then buildup

as the annual launch rates increase, so that, in the last years of operational utilization,

the program peak annual funding attains the peak level of $0.80B. This is a favorable

funding characteristic , since technology advancements by that time may likely warrant

major modifications and/or improvements to the system of a presently unpredictable

nature. Also, when investment-cost discounting economics are introduced, this low

initial-cost characteristic becomes a predominating factor in favor of a system such

as this projected SRM-booster.

5.4 PROGRAM RISK EVALUATION

I

m

|

The studies of SRM-booster design, cost, and development program plans indicate

that all aspects of such a booster program are essentially "proven state-of-the-art."

This is reflected by the willingness of all key contractors to work on such a projec.t on

a "fixed-price" contract basis. It is also reflected in very narrow scatterbm_ds on

performance characteristics and program costs. Accordingly, the development pro-

gram technical and cost uncertainties/risks appear to be clearly lower than on any

other booster concept considered to date. Among the SRM-booster candidates,

obviously the RATO concept, which does not even require thrust vector control, pro-

vides the simplest, lowest-risk program.

With regard to mission success and safety, again the SRM-boosters appear quite

attractive. By virtue of an excellent reliability record and very simple, low piece-

part-count subsystems, the SRM-boosters can make claim to providing greatest

assurance of mission success and safety.

Over and above these considerations, however, is the fact that with the two-stage

SRM-boosters, an abort-escape rocket is provided (in the second-stage SRM) at no

cost to the system. This feature obviates the need to consider crew-jettison-seat

I_" 5-11
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systems (with no provision made for passengers), and eliminates concerns about the no-

abort capability "deadband" of 15 or 20 sec immediately after launch, which plagues

practically every other booster system concept.
/

5.5 CONCLUSIONS AND RECOMMENDATIONS

Primary conclusions of the SRM-booster study are shown in Table 5-7. One implicit

conclusion, not specifically shown and which no longer'is considered by most authori-

ties as suspect, is the certainty of performance and costs indicated in the study. These

values go with a projected reliability of 0.997 for each solid rocket motor. Contractor

willingness to accept fixed-price contract commitments on the SRM (in 120-in. and

156-in. diameters) development and production attest to these conclusions.

Because of limited budget allocation to the study of SRM-boosters, extensive-

iteration activities could not be undertaken. Accordingly, the final projection of SRM-

booster potentials were accomplished without the benefit of detailed design-optimization

effort.

Table 5-7

SRM BOOSTER STUDY CONCLUSIONS

_0

SINGE-STAGESRM-BOOSTER,WITHTHREE156-1N.-DIAMETERSRMsPROVIDES
BEST"INTERIM" BOOSTER

TWO-STAGESRM-BOOSTER(2 + 1 156-1N.-DIAMETERSRMs}APPEARSTO BEMOST
COST-EFFECTIVECANDIDATE,WITHEXTERNALTANKORBITERANDHIGHER
STAGINGVELOCITY

TWO-STAGESRM-BOOSTERPROBABLYHAS BESTBOOST-ABORTCAPABILITY
OFANY SPACESHUTTLEBOOSTERCANDIDATES

WITH RECOVERYANDREFURBISHMENT,SRM-BOOSTERSMAY BEMORECOST-
EFFECTIVETHANRS-lC AND PRESSURE-FEDLIQUID

SRM-BOOSTERSPROVIDELOWEST-RISKBOOSTERCONCEPTS,WITHLOWEST
EARLy-_AR PEAK-FUNDING REQUIREMENT

DOSeeS(l)

5-12
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Cost-effectiveness improvement trends, however, poinL to the fact that, if a

SRM-booster is required, a two-stage SRM-booster is more cost-effective. This two-

stage system, however, presumes that the delta-V provided by the booster is allowed

to increase (over that provided by a single stage) and orbiter engine-thrust and

external tank capacity are reduced accordingly. The mission-abort capability of such

a two-stage booster is uniquely attractive.

W

|

If the SRM-booster is permitted to employ recovery and refurbishment, two conclusions

are evident: (1) the SRM-booster is likely to be compeiitive with flyback LOX/RP and

ballistic recoverable pressure-fed boosters; and (2) the development and cost uncer-

tainties of the solid booster appear to be clearly the least among the three systems.

If recovery of the pressure-fed and solid boosters is rejected as being economically

impractical, preliminary analysis indicates the likelihood that the solid boosters are

more cost-effective.

In view of the limited depth of SRM-booster design optimization activity in the present

study, a listing is provided of activities that should be undertaken if a more extensive

follow-on effort is authorized. Heretofore, the SRM-bo0sters have not been considered

in the light of utilization over the entire space shuttle mission model, nor has there

been any in-depth evaluation of recovery/refurbishment potentials. Preliminary

analysis of these aspects indicates that one (or certainly both) of these would place the

SRM-booster in a cost regime competitive with the other booster candidates. Projected

primary tasks are shown in Table 5-8.

5-13
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Table 5-8

SRM-BOOSTER CANDIDATE OPTIMIZATION TASKS

e DETERMINESRM DESIGN DETAILS FOR RECOVERABLEVS EXPENDABLE SRM-
BOOSTERS; DEFINEASSOCIATED STAGESUBSYSTEM CHARACTERISTICS

e DEFINE SRM-STAGE RECOVERYSYSTEM AND REFURBISHMENTPROGRAM

e PRELIMINARY DESIGN OFTWO-STAGE SRM, ORBITER WITH SMALL EXTERIOR
TANKS AND DEFINE COST-EFFECTIVESRM DESIGN DETAILS

• COMPARE COST-EFFECTIVENESSASPECTS OF SRM RATO, SINGLE-STAGE
AND IWO-STAGE BOOSTERS

e DEFINE PLANS AND COSTS FORFULL-PROGRAM (445 LAUNCHES) PRODUCTION
OF RECOVERABLEVS EXPENDABLESRMs

• DEIERMINE COMPARATIVE FULL-PROGRAM (445 LAUNCHES) PLANS AND COSTS
FOR RECOVERABLEVS EXPENDABLESRM STAGES

5-14
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PREFACE

This report was prepared in response to Lockheed Missiles and Space Company

letter LMSC-A993396, dated 1 October 1971, which requested certain configu-

ration and cost data on utilizing an S-IVB stage in a flight demonstration

program of an interim expendable Space Shuttle system booster comprised of

156-inch solid rocket motors.

The time period for this response was very short; hence the data contained

herein must be considered preliminary, and the cost data ROM at best.

Requests for further information should be directed to the following:

McDonnell Douglas Astronautics Company

5301Bol_a Avenue

Huntington Beach, California 92647

J. F. Meyers

(714) 896-3879

R. J. Cielnicky

(714) 896-2435

433-I-11-5
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Secti on 1

INTRODUCTION AND SUMMARY

Current Space Shuttle System studies are addressing not only the fully reusable

Booster-Orbiter system, but options based on an interim, expendable booster

used with a reusable orbiter. One of the candidate interim boosters being

proposed is comprised of 156-inch solid rocket motors (SRM) clustered to form

a stage.

A flight demonstration program is considered advisable as part of the manrating

development of the large SRM booster. Such a flight demonstration program

could be accomplished with simulated upper stages, or with the use of a reliable

upper stage such as the Saturn S-IVB along with some useful payload. The pur-

pose of this report is to provide data pertinent to the integration of an S-IVB

stage with a flight demonstration SRM booster.

These data were requested by the Lockheed Missile and Space Company, who are

addressing the definition of the SRM interim expendable booster. Basic data

requested, and included herein, cover the subjects of S-IVB configuration options,

performance, weight and trajectory parameters, and various program/cost data.

The results of these analyses indicate a wide range of payload canability to

low earth orbit. Payloads of 20-30,000 pounds ire possible with three parallel-

firing SRM boosters flying with shuttle booster burnout constraints. By staging

the SRM_, and permitting relaxed booster end conditions (in terms of higher

altitude and staging velocity), payloads in the neighborhood of I00,000 pounds

can be achieved. It is estimated that an existing Saturn IB S-IVB and IU (GFE)

can be prepared for and flown on Such a test for approximately $II.8 million,

whereas production and launch of a single new stage could run as much as $42.3

million. Acquisition of a stage from a new buy of twelve low cost S-IVB stages

would involve a cost of approximately $22.5 million for the flight test.

433-I-II-5
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Section 2

GROUND RULES AND ASSUMPTIONS

2,1 ASCENT CONSTRAINTS

a.

B.

Co

D.

Circular orbit, lO0-nmi, due East launch from ETR.

Constrained performance based on first stage cutoff velocity of
6000 fps, and maximum acceleration of 3 g's (8000 and 9000 fps
for particular cases).

Unconstrained performance based on maximum payload capability. .

Staging altitude for single-stage (SRM) aDplication approximately
180,000 ft; for two-stage application (SRM first stage) aoproximately
I00,000 ft.

2.2 CONFIGURATION

Ao

B.

CJ

D.

E.

New interstage, payload shroud and outer SRM nose shrouds required.

Saturn IB/S-IVB preferred configuration; new hardware would be
low-cost S-IVB including astrionics function.

New Skylab-type shroud would be lightweight configuration.

New interstage would be part of first stage.

S-IVB mods assumed to be primarily electrical.

2.3 COSTING

a.

B.

C.

New stage buy (low cost S-IVB) based on quantity of twelve.

1971 dollars, no escalation, no fee.

Integration and assembly costs (VAB) to be determined. Booster
costs not included.

Launch operations and data reduction costs for the composite
vehicle test operation to be determined (no payloadintegration
and/or operations costs to be included).

2 _ T
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CONFIGURATION DESCRIPTION AND MISSION APPLICATIONS

3.! VEHICLE CONFIGURATION

The candidate vehicle configuration is shown on Figure 3-I. Basically, it is

comprised of a payload and shroud, Instrument Unit and/or S-lVB stage, and _n

SRM first stage.

The first stage cc,nsists of t;_ree 156-inch diameter solid rocket meto_s m,_unte(_

in line, nece._.sary clustering and staging hardware, SRM forward ar,_ aft skirts,

nose fairings for the outer SRM,s, and an interstage to mate the cen!:e¥ S_!_ _o ,'.he

S.-_VL_ stage. Each segmented SR_! consists of a forward and an aft cl,._s:Jre_ a!_._l

four or five equal center segments. Motor case material is steel, and _"-

propellant is a PBAN formu!a_ion. A fGrward skirt provides th_ attach struc-

÷,"_:_,..for either a nese fairing ,'. an iaterstage; the aft skirts, in a_nltion to

_.',_ovidinc protec,.!on for the nozzle a_d aft mounted equipment, ._rovide _,,_."_

support for the entire stage/vehicle. The nozzle is slightly submerged it: t_.e

,'_f_ c'iosure and employs a Lockseal gimbal capable of gimbal angles oi: up Lo I0

degrees. Typically, the gimbal actuators would be similar to those of the

Saturn S-IC stage (F-I engines) and migh.t be powered by modified Nike/Zeus

hydraulic p_wer units. These power units contain a small solid-propellant _as

generatcr, an axial flo_' turbine, a hydraulic pump, accumulator and reservoiro

The interstage would be a truncated conical section of either conventional

skin-stringer-ring frame construction, or if quantities warrant, an integrally

macl:Ined construction.

The S-IV3 stage would be either a standard Saturn IB cc.nfiguration, or a low

cost version. Both are single-burn stages powered by a single J-2 engine,

developing 205,000 pou!-,ds of thrust (vacuum) at a nominal oxidizer/f_el

_LO_/_I, 2) mixture ratio a,_ .'_'l, The stage is 260-inches in _mezer, _,_.,p,._-,......,_.._.-

_ately 58.5 ft. in ler, gth: and contains a nominal propellant load of 230_C_)0
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pounds. Unnecessary subsystems are removed from the stage to affect a low

cost version. If a standard Saturn IB/S-IVB were employed, a Saturn IU would

also be included to provide necessary electrical and guidance and navigation

functions. In the low cost version, these functions are incornorated into the

S-IVB stage forward skirt.

A payload and payload fairing completes the vehicle stack. A tynical fairing

might be a lightweight version of the jettisonable Skylab shroud, which is 260-

inches in diameter and has a double angle nose-cone.

3.2 AVAILABLE SATURN HARDWARE

Q

H

0

0

9

g

|

!

|

A total of 27 S-IVB stages and Instrument Units have been built for Saturn-

Apollo flights, fifteen of these in Saturn V flight configuration (500 series)

and twelve in Saturn IB flight configuration (200 series). Of these, all but

stages 514, 515, 209, 210, 211 and 212 are definitely committed to either the

Apollo or Skylab programs. However, stage 515 is designated as Skylab backup

hardware, as is stage 209. Thus, stages 514, 210, 211 and 212 may be considered

excess hardware. Further, some long lead items have been ordered for S-IVB

stages 213 and 214, but would only comprise approximately 4 percent (by cost) of

a new stage. No such buy has taken place for IU's 213 and 214.

In the event of a need for ten or bvelve flight stages for an SRrl-booster

vehicle program, production of low-cost configuration S-IVB stages would be

proposed, which would incorporate the astrionics-guidance and navigation

function (no IU's would be built).

3.3 ALTERNATE MISSION APPLICATIONS

Since the proposed interim Shuttle booster (3 - 156 in. SRII) is well suited for

use with the S-IVB upper stage, consideration has been given to carrying an S-IVB

with a useful payload while flight qualifying the Space Shuttle SRM booster.

Such a mission should:

A.

B.

Demonstrate SRM stage integrity, controlability and performance

Be unmanned for maximum personnel safety

433-I-II-5
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Co

D.

Use a relatively low cost payload

Support manned flight program objectives

Requirements A and B are mandatory while C and D are desirable. Two candidate

missions which fulfill these requirements to varying degrees are discussed

below:

3.3.1 Scale Model Orbiter

In this mission, suggested as a possible candidate by LMSC, a scaled down,

unmanned model of the Space Shuttle Orbiter would be delivered to earth orbit.

The scale model would demonstrate orbiter flight characteristics throughout

boost, orbital coast, reentry and landing. Thermal protection, attitude control

and landing system concepts could be verified prior to commitment on the full

sized orbiter. If SRM/S-IVB capability is insufficient for orbit achievement

with the model, a suborbital mission would still provide data for much of the

orbiter flight regime. If separation and control problems should be identified,

or should flight loads analysis determine that loads caused by the model exceed

S-IVB capability, the model could be boosted through the atmosphere within a

260 in. diameter shroud of the Skylab configuration type. This would restrict the

model to approximately I/4 scale. Flight testing of this nature was performed

on the Asset Program during the early 1960's when the Thor booster was used with

lifting body models. At that time the models were not shrouded.

3.3.2 Smithsonian Earth Physics Satellite (Cannonball)

One of the principal recon_endations of the Williamstown Study on Solid-Earth

and Ocean Physics (1969) was that NASA develop techniques for ranging satellites

to an accuracy of +2cfn. Range measurements of this accuracy will be necessary

to accomplish many objectives related to the Earth Physics Program including the

determination of plate-tectonic motions (continental drift), earth rotation vari-

ations, wobble of the earth, and earth tidal motion. To make accurate measure-

ments relating to the above objectives, a global system must be established in

such a way that each position on the globe can be related to all others, and

that complete sets of measurements can be obtained in less than a day. Also,

433-I-11-5 8
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it is required that a continuity of such measurements be maintained over long

periods of time.

B

|

|

J

|

!

B

a

The Smithsonian Astrophysical Observatory has proposed the use of a high density,

spherical, passive laser-retro reflector satellite placed in a 3720 KM (2008.6

n.mi.) circular orbit at a 55-degree inclination. Such a satellite can provide

the means for achieving all the required objectives with accuracies better than

lO cm. This satellite would provide the high mass/area ratio for precise,

stable, attitude independent measurements. Because it would be visible in all

parts of the world and will have a long life in orbit, the satellite would serve

as a fundamental global standard and would constitute an important first step in

the NASA Earth-Physics Program.

MDAC has recently completed a study for NASA on the feasibility of using an S-IVB

to place such a payload in the prescribed orbit. Modifications to existing S-IVB

stages required for the mission (principally for restart) cost between $.6M and

$I.2M. The payload itself is basically a passive 8000 pound sphere of depleted

uranium, approximately 30 inches in diameter with retro _eflectors imbedded in

its surface. Compared to typical satellites, it is of low cost. While this

payload does not support manned flight program objectives directly, it is a

mission of value to the scientific community and exhibits a relatively low in-

vestment risk suitable for the developmental nature of the primary mission.

3.3.3 CSN Earth Orbit Mission

The SRM/S-IVB launch vehicle might be beneficial.in terms of a CSM sortie mission

for earth resources experiments. During the final days of the Skylab mission,

while astronauts were still aboard, an unmanned CSM could be placed in the

vicinity of the Skylab. The astronauts could, using their own CSM, rendezvous

with and transfer to the new CSM. Since the SRM/S-IVB has a payload capability

in excess of lOOK Ibs (compared to the 37K Ibs of the Saturn IB), the unmanned

CSM could be delivered fully fueled. Further, the excess payload capability

could be used for increased experiment hardware. Thus both the earth coverage

and number of experiments performable with the CSM would be significantly

increased. The acceptability of mission risk using a first flight booster

would have to be assessed. However, the risk to personnel would be avoided by

keeping the flight unmanned (utilizing astronauts already in orbit).

433-I-II-5
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VEHICLE PERFORIIANCE

4.1 SRM CIIARACTERISTICS

The SliMs proposed for this application are the 156-inch diameter, segmented

motors. A typical motor might consist of two end clo_ures and five equal center

segments, all of steel motor case material, and contain a PBAN formulation solid

propellant. Typically, submerged, movable nozzles with a maximum TVC deflection

of I0 degrees would be employed on these motors. Performance characteristics of

the candidate SRMs are presented in the following paragraphs. ._

4.1.1 Single Stage Application

The characteristics of the SRM use_ for a single stage application are shown on

Figure 4-I. In this configuration, the three motors are _r,__ang_A in a ro;.,, ar.d

are all ignited simultaneously. Each motor contains 1.2 million pounds of

propellant and burns for approximately 135 seconds. Maximum uniform thrust is

maintained until 50 percent burn time, and then reduces linearly to 50 percent

Tmax at end of burn. Separation weight of the SRMs is 490,900 Ibs. Other

parameters are shown on the figure.

4.1.2 Two Stage Application

The characteristics of the SRMs used for a two-stage application are shown on

Figure 4-2. _In this application, the three motors are arranged in a row, but

the center motor (CSRM) does not fire until the two outer motors (OSRrl) have

fired and are staged. Motor burn time is lO0 seconds. Maximum uniform thrust

is maintained until 70 percent burn time and then reduces linearly to 75 percent

Tma x at end of burn. Separation weight of the OSRM's is 327,300 Ibs; CSRrl

separation weight is 163,600 Ibs. As is noted, the thrust-time history for the

outer and center motors are slightly different.
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4.2 S-IVB CHARACTERISTICS

The thrust profile for the S-IVB stage involves a two step approach rather than

the single, nominal mixture ratio/thrust level. Initially, a mixture ratio of

5.5:1 is used, providing a vacuum thrust of 230,000 pounds. At approximately

228.seconds of burn, the mixture ratio is shifted to a value of 4.5:1, resulting

in a vacuum thrust of 190,000 pounds. The stage is flown at this latter value

to burnout, about 476 seconds. The specific impulse values for these two steps

are 425 seconds and 430 seconds, respectively.

The S-IVB useful propellant load was assumed to be 228,700 pounds (123,900

pounds at 5.5:1 and 104,800 pounds at 4.5:1). Other pertinent weight data are

as follows:

Dry Stage 22,300 Ibs.

Residuals 2,480

FPR 2,000

!U (if applicable) 4,280

Weight at B.O. 31,060 Ibs.

4.3 VEHICLE PERFORMANCE SUMMARY

Performance of the 156-inch SRM/S-IVB vehicle was determined for a number of

options. As was outlined in the section on SRM characteristics, both a one

stage and a two stage boost application were considered. In the one stage

application, all three SRM's were fired together, while in the two stage appli-

cation, two (outer) OSRM's were fired first, followed by the (center) CSRM, a

"2 + I" mode.

In addition, two basic flight profiles were considered, a constrained profile

and an unconstrained profile. In the constrained profile, the booster flight

profile was assumed to be as it would be in a Space Shuttle Booster/Orbiter

configuration, thus providing a somewhat exact simulation of those flight

conditions. In this case booster burnout altitude and velocity were specified;

the trajectory, therefore, was only simulated from the time of booster burnout

433-I-11-5
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to orbit insertion (through S-IVB flight). Under these specified conditions,

then, booster liftoff weight (BLOSJ) is not pertinent.

The other flight profile considered was an unconstrained mode in which the pay-

load was optimized. The only restrictions considered in this case were to attempt

to hold Saturn V trajectory limits to minimize impact on the S-IVB, i.e., max

dynamic pressure (q max) of 740 psf and max axial acceleration (ax) of 4.7 g's.

Consequently, the trajectory was simulated from liftoff to orbit insertion and

shaped for optimum performance, both with and without the dynamic pressure

constraint. For these conditions, the BLOW was held constant at 4.1 million

pounds.

The results of the various performance runs, both one and two stage boosters and

constrained and unconstrained trajectories, are presented in Table 4-I.

Discussion of the data presented in this table follows.

The first case (I) presents constrained performance to a I00 n.mi circular orbit.

"Since trajectory simulation started at specified booster burnout conditions,

BLOW and/or number of boost stages is not significanL. As is noted, burnout

altitude and velocity were specified at 180,000 and 6,000 fps, respectively.

Along with this, maximum dynamic pressure was 650 psf and maximum accleration

was 3 g's. Burnout flight path angle (Y, degrees from horizontal) was not

specified; based on previous SRrl booster trajectory run's, a value of 13.9 degrees

was used. Also, in order to meet tilespecified booster burnout conditions, a

gross weight of about l.l million pounds was necessary above the booster. Thus

it would be necessary to carry some dead weight (ballast) with the vehicle that

could be dropped at S-IVB stage separation. Values for this ballast, which could

be contained in the booster to S-IVB interstage, are noted in the table. As is

shown in the table for case IA, payload to orbit was about 21,000 Ibs. Since

the flight path angle of 13.9 degrees was more applicable to a 50 x lO0 n.mi.

orbit, a flight path angle of 30 degrees was also investigated (case IB), and

the resulting performance was increased to about 26,000 Ibs.

D

D

|

0

0

D

D

m

D

Case 2 in the table presents the results of an investigation of burnout velocity

effects. The orbit used was 50 x I00 n.mi., and velocities of 6,000, 8,000 and

433-I-11-5

2 . ,



Z

C_

L_

L,t
-.J

t--I

-r-
ILl
>

r

r--. Z

_J

I- I

¢.0

Z

I

+

v

433-2-II-5

t,..

"0
rC_
OCO

>, r-- __l

too")
r-O .0

X

I=:v
tO

X
n5

o-v

O_

v

4_

0

-_
I:_ r--

OJOq,
S- _ 0
O_ t-

O
0

rr_
LL

<CO
0

v

•r-- _"
0
_-.._

0

r_

0 °r-

e 4-
S.- "i'm

0 0
0 0

r-- '.0 O) O_ O_

r-- _ r--" 0 O_
CO CO CO CO r-.,

0

o4oo4o4o4

0 0 0 0 0
CO CO CO 0 0

r-- r- Od

0 0 0 0 0
0 0 0 0 0
r-- _ _ _ r "m'

X X X X X

0 0 0 0 0
0 0 _ _
r---

II)
c"

-li-

t-- r-- _ _

0

•-- X _ X 4-.

_:_ tO 0 _ 0

" #,

r,-

0 Oh r_
r---

_ ,.--
CO ,'-- I

CO CO

0"i r.') ,---

r--- r-'-

0 0 0 0
r,_) 00 i_) 0

0
0
r'--

X

C)
0

"0

.r--

4-)
I/)

0 cO o_ _ _l"
U

1S

Vol II, Pt 3



Vol II, Pt 3

9,000 fps were considered. Resulting payloads were 23,000, 39,000 and 49,000

Ibs, respectively. Note that required ballast is still significant.

Cases 3 and 4 present the results of the unconstrained performance runs, i.e.,

full trajectory simulation from liftoff with unspecified booster burnout condi-

tions. All of these cases were run for a I00 n.mi. circular orbit, and a

specified BLOW of 4.1 million pounds. Case 3 was for the one stage applications,

and case 4 for the two stage application.

0

In the first of these cases, 3A, maximum performance of about 90,000 Ibs was

obtained, but the resulting max dynamic pressure was prohibitive. In an effort

to reduce this q, a lofted trajectory was considered (case 3B). As a result,

payload degraded to about 45,000 ]bs but the q was still excessive. With the

given thrust-time history employed (Figure 4-I), the only other means of reduc-

ing this dynamic pressure would be to load ballast. Of course shaping the SRM

thrust-time curve would probably be the most effective method. Time did not

permit exploration of this option.

D

Q

D

D
Similar results are presented for the two stage (2 + I) configuration by cases

4A and 4B. Case 4A is that of maximum performance, which turns out to be about

119,000 Ibs. Max dynamic pressure is high, though. With a lofted trajectory,

however, (case 4B) max dynamic pressure is reduced to a Saturn V level, 740 psf,

and performance is still respectable, about 93,000 Ibs. Clearly, then, a

staggering of the SRM burning is the more advantageous flight mode.

D

D
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Secti on 5

COST SUMMARY

A number of options exist for derivation of an S-IVB stage for use in the SRM

booster. As previously noted, a nunlber of stages exist as "excess hardware;"

however, these could become assigned, in which case another stage would have to

be assembled from some long lead items, existing _xcess components and consider-

able new construction. In the event a series of SRM-boosted vehicles were

needed, S-IVB stage production would be reopened to produce a low cost version

stage.

Various cost data for these three basic options are presented in Table 5-I. For

option number I, wherein an existing S-IVB and IU are reassigned to this mission,

the total cost is $11.8 million (assuming the S-IVB and IU as GFE). For produc-

tion of a new stage utilizing the small amount of available spare parts (option

number 2), the cost would be approximately $42.3 million. Considering option 3,

wherein a series of twelve low cost S-IVB stages are produced, the unit cost is

estimated to be $22.5 million. Further discussion of these three categories is

offered in the following paragraphs.

5.1 OPTION 1 - EXISTING S-IVB

In this option, an existing Saturn IB/S-IVB stage and Instrument Unit are

obtained as GFE from existing Saturn inventory. A number of minor changes

would be required for the SRM-boosted vehicle application. S-IVB changes are

expected to be primarily electrical, and are estimated at S0.3 million. This

assumes that there would be no requalification of critical components required.

This requalification due to the increased acoustic and vibration environment

from the SRMs, if required, would cost as much as $2.5 million.

A number of minor changes would have to be accomplished by IBM in the IU, such

as minor logic changes, FCC changes, and malfunction logic changes. These are

estimated to cost $0.2 million.

15
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The nose fairing assumed for all three options is similar to a Skylab shroud,

but need only be about half,weight. It would include a standard double-angle

nose cone and adapter for the S-IVB stage. The cost is estimated to be $5

million.
?

The' costs for integration and assembly with the SRM first stage (assumed supplied

fully assembled and with an interstage) is estimated at $3.0 million, and $2.1

million is estimated for launch operations and data reduction. Both of these

costs are based on this being a one-shot affair (production quantity of one,

launch rate of one/year), and thus involve support of a KSC crew for a full year.

Mission support costs, including those of the J-2 engine contractor, are constant

for all three options at $I.2 million.

5.2 OPTION 2 - NEW STAGE WITH SPARE PARTS

Option number two is based on .building a new S-IVB/IB stage utilizing those long

lead time items and spare parts which are available (estimated to be no more than

about $2 million worth). The cost for such a stage (production quantity of one)

is estimated to be $31 million, including nonrecurring startup and development

costs. For this option, no IU would be built, but rather, necessary Saturn

type astrionics for the simple earth-orbit mission would be included within the

S-IVB stage-forward skirt. Other costs for this option are the same as those

for the previous one, since again a production quantity of one and a launch rate

of one/year are involved.

5_3 OPTION 3 - NEW BUY - LOW COST S-IVB

The third option considered is that involving a new buy of twelve low-cost S-IVB

stages, with one taken out for the SRM booster test vehicle. This configuration

is greatly simplified, with various subsystems deleted or modified to reflect the

simple earth orbital mission with brief stage lifetime. A simplified astrionics

system is included in the stage. The stage unit cost for this configuration is

estimated to be $14.6 million including nonrecurring start-up and development

costs. Dual-burn capability would involve about $0.5 million additional per

stage.
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In this case, the production quantity is twelve, and a launch rate of four per

year is assumed. Thus integration and assembly costs are estimated at $I.0

million per stage, and launch operations and data reductiou costs at $0.7 million

per stage. Mission support costs remain at $I.2 million.

).
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